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The damage and collapse of highway bridges during recen! deslructi~ earthquakes has demonstrated that
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dcmons,",ued that advan<:c<l composne matenal Jxkers can SIgnificantly improve the ductility of rectangular
and circular columns with insufficient shear strength. and only the ductility of circular columns with insufficienl
lap splice length.
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Chapter 1

INTRODUCTION

Existing reinforced concrete bridge columns designed and OOIllitrueted acrording to

older seismic design pro\'isioll.'l may suffer from the following potential problelWl:

• Insufficient Lap Splice Length: Lap Splice:l "~re often used to extend the longi

tudinaillteel of the columns. Typically, the length of lap splices was equal to 20

times the bar diameter. and the tr8.lL'lvetSe reinforcement "1llI provided by hoopll

spaced at ever)" 12 inches. The I",,· confinement steel ratio may not provide the

Ile«:ssar)" restraint fOT the rebars to develop their fulllltrength throughout the

lap spliCi! zone due to debonding and slip. Accordingly, such columns ma}' have

unreliable flexural capacIty

• \ll5ufficient Shear Strength: ColuffilL'l WIth continuous longitudinal steel bars

may still have problems due to insufficient confinement reinforcement and shear

reinforcement. Such columns may not exhibit enough ductility to dissipate the

earthquake energy and may become ",!loerable to failure by buckling of the

longitudinal steel, concrete crushing, and shear failure.

Proven as an effective technology for alleviating these probleIIlll a.nd for enhancing

the seismic performance of old bridge colUIllllll, steel jacketing has been widely im-
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plellll!ntM for their sei.Ilmic retrofit. Recently, adv1Ulced composite maten.ll.ls ha,..,

ahow:n great potential to becom.i.n&: a viable alternative to steel jackets_ The Light

weight, hi&h st~h, 00ff06I0ll resistanoe, and III(l«: IlIIporta,Dtly the ease of imt.all...

tion maR sum Ill.lI.tem.is most luitable for retrofitting~ colUlWlS. Cal"bon fiber

5)'5temS are generally applied to columns either by hand-b.y operations or by using

6J...-eTlt ""lDdiDg techniques. E-pa. 5)'5tem5 are prefabricated lheill manufactured

In the factory and bODded to the column on 51te. All retrofit 5)'stemI are l'MeIltially

pulllYe 5)"'StemS iII. which the 0VI!I"T&p is not under any lIigni6c.nt stress until an

earthQuili <><nus. Their effectl''''ness in enhancing the lIeismic l"8Iistance of bridge

columns depends upon confinement of the column concrete.

In order to examine and Qualify the seismiC performance of bridge columns retrofitted

""ith composite material jackets, an experimental structural qualification study was

conducted at the University of California, Irvine. 011 both circular and rectangular

columns Columns with lap spliCE!l; ""re tested in flexure to evaluate the effectiveness

of the composite jackets on the mham:ement of lap splice clamping, while columns

",-ith continuoUl5 longitudmal steel ..~ t<";Sted for shear enhancement in a fixed-fixed

condition In addition. eO"lronmental durabilit~- of the proposed composite casmg

matenals "-.m- e>-aluated t.>- thl'A~ Corporation

The structural ,.... ~t program ul,'Olvwl the t<':Stmg of 27 half-eale columns. The

Caltrans contract called for the testmll of t..",,,,,, columns dhided bet_au lap sp1lce

mhaucemeut of circulal columns and shea:r enhancement of rectan,plar columns.

Addmoual support ..-as also receI,-ed from lud>ndualmanufllCtuteni fOl" more column

teatmg. _<\ltoget.her, there ....-ere 27 sa.mplea tested as follo",lI'
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• Nine circular columns were tested in single bending for lap splice enhancement;

two of them were a,s-.built columns, and seven ""ere retrofitted with different

oompoliite jacket systems.

• Five circular columns ",we tested for shear enhancement; two a,s-.built columns,

and three retrofitted columns "'ith compoliite jacket systems.

• Six SQuare columns were tested in single bending for lap splice euhancement; two

of tbem were a,s-.built columns, and four were retrofitted columns with different

compoliite jacket systems.

• Seven rectangular colnmns were tested for shear enhancement; one a,s-.built col

umn, and six retrofitted columns "ith compooite jacket systems. This categol)'

of tests was only supported by the Caltr&llSfFederal Highway project.

Table 1.1 provides a list of all tested columns. Note that the names of the manu

facturers of the composite jackets are "'ithheld. Throughout tbe report, reference i.s

onb· made to the asslgned sample identification number shown in Table 1.1, such as

CF·3. RF-5... etc. It should be noted that the letters --en and ~R" denote circular

and rectangular columns. respecti\"ely. and the letters ~F"' and ~S" denote flexure and

~hear testing. respecti\·ely
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Table l.l, Identification Codes for Tested Columns

Manufacturer Identification Code Support Source

Shear Testing of Circular Columns

As-built C$-l Other
C$-2 Other
C$-3 Other

As-built CS-4 Other
C$-S Other

Flexural Testing of Circular Colulllll!l

As-built CF-l CaitranBjFHWA
As-built CF-2 Other

CF-3 Other
CF-4 Other
CP-S CaitransjFHWA
CF-6 CaltranBjFHWA
CF-7 CaltransjFHWA
CF-S CaltranBjFHWA
CF-9 Other

Flexural Testing of Rectangular Columm

As-built RF-I Other
RF-2 Other
RF-3 Other

As-built RF-4 Other
RF-5 Other

RF-' Other

Shear Testmll: of Rectangular Columns

As-built RS-1 CaitransjFHWA
RS-2 CaltransjFHWA
RS-3 CaltransjFHWA
RS-. CaltransjFHWA
RS-S CaltranBjFHWA

RS-' Caltrl\.lL'ljFHWA
RS·7 CaltrllIllljFHWA
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Chapter 2

TEST SPECIMENS

2.1 Column Designs

Four different column dellgns ~-en!! built to apprlllimatelJ half ot the scale of thoae

existing in the field AU colum.Dll tm"e~ a.nd built to conform to the Caltram

Pre-quali.fieation~ for Alteml.tl\'e Column CaaiDp for Seiynic Retrofit

(Composites) lc.Jtrans. 199'(,

,



2.1.1 Shear Enhancement Circular Columns

The sbear enhancement circular columns ",ere built with a column height of 8', and

witb a circular Ilection 24" in diameter. The longitudinal reinforcement is continuous

from tbe footing, through the column, to the top box. The dimeosioIlS and rew
configuration are shown in Figure 2.1. Physical properties of the first three columns

are given in Table 2.1 and those for the last two columns are given in Table 2.2. The

as-built and retrofitted columns \\"ere constructed at tbe same time with identical

dimensions and material properties.

Table 2.1: Physical Properties of First Three Shear Enh8JIcement Circular Columns

Diameter of section (in)
Height (in)

Yield stress of longitudinal steel (ksi)
Number of main longitudinal bars
Size of main longitudinal bars
Clear rover to confinement steel (in)
Size of oonhnement steel
Yield ~lr~S of confinement steel (ksi)
Spacill~ of ronfinemem steel (in)

24.0
96.0

43.41
2Q

6
0.75

2
30.5
50

TahIr ::1 2 Physical Properties of Last Two Shear Enhancement Circular Columns

Diamrter of st"<"( iOIl lin \
Heighl (inl

Yield stress of longitudinal steel (ksi)
:;';umber of lI\am longltudmal bars
Size of main longitudmal hars

Clear cowr (0 CQnfinement steel (m)
Size of conllllement steel
Yield stress of confinement steel (ksi)
Spacing of confinement steel (in)

6

24.0
96.0

64.36
20
6

0.75
2

30.5
50
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2.1.2 Lap Splice Enhancement Circular Columns

The lap splice enhancement circular columns were built with a column height of 12'

high, and with a circular cross section 24ff in diameter. The longitudinal reinforcement

has 15" lap splices at the column base. The diweIlSions and rebar configuration are

shown in Figure 2.2. Physical properties of the columns are gi~1I in Table 2.3. The

as-built and four of the five retrofitted columns were constructed at the same time

with the same ooncrete batch. The last coluD1Il was poured with a different batch

of the same concrete strength. The as-huilt and retrofitted columns haVll idelltical

dimensions and material properties.

Table 2.3: Physical Properties of Lap Splice Ellhancement Circnlar Columns

Diameter of section (in)
Height {ill}

Yield stress of longitudinal steel (ksi)
Number of main longitudinal bars
Size of main longitudinal bars

Clear cO\'er to confinement steel (in)
Size of confinement steel
Yield stress of confinement steel (ltsi)
Spacin~ of confinement steel (in)

8

24.0
144.0

43.41
20
8

0.75
2

30.5
50
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2.1.3 Lap Splice Enhancement Rectangular Columns

The lap splice enhancement rectangular columns _re built with a column height of

12', and with a 24N
)( 24" square crosIi section. The longitudinal reinforcement has

15~ lap splices at the base of the column. The dimensions and rew configuration

are shown in Figure 2.3. Physical properties of the columns are given in Table 2.4.

The &&-built and retrofitted columns were oonstructed at the same time with identical

dimensions and material properties.

Table 2.4: Physical Properties of Lap Splice Enhancement Rectangular ColuIIlIL5

Depth of section (in) 24.0
Width of section (in 24.0
Heill:ht (in) 144.0

Yield stress of longitudinal steel (ksi) 64.36
Number of main longitudinal bars 28
Site of main longitudinal bars 6

Clear rover to confinement steel (in) 0.75
Size of confinement steel 2
Yield stress of confinement steel (ksi) 64.27
SpaclllP; of <.-"Onfinement steel (in) 5.0
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2.1.4 Shear Enhancement Rectangular Colwnns

The shear euhaD.cement rectangular col\llllIlS were built with a column height of 8',

and with an 18N X 24N rectangular cross section. The longitudinal reinforcement is

continuoll!l from the footing, through the column, to the top box. The dimensions

and rebar configuration are shown in Figure 2.4. Physical properties of the columns

are given in TlLble 2.5. The as-built and retrofitted col\llllIlS were constructed at. the

same time with identical dimensions and material properties.

Table 2.5: PhYllical Properties of Shear Enhancement Rectangular Columns

Depth of section (in)
Width of section (in)
Height (in)
Yield stress of longitudinal steel (ksi)
Number of main longitudinal bars
Size of main loull:itudinal bars

Clear con~r to confinement steel (in)
Size of confinement steel
Yield Slress of confinement steel (lcsi)
Spacmg of confinement steel (in)

12

24.0
18.0
96.0

43.41
2Q

6
0.75,
30.5
'.0
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2.2 Material Properties

2.2.1 Steel

The rectangular lap splice ool\l.llllll! _re built with grade 60 No.6 longitudin&! steel

and grade 60 No.2 later&! steel. The last t\\.., circular shear oolumns were built with

grade 60 No.6 longitudinal steel and grade 40 No.2 later&! steel. The rest of the

oolumns _re built with grade 40 No.6 longitudinal steel and grade 40 No.2 later&!

steel.

Billet testing was performed on steel samples from each batch of steel in order to

obtain the ILCtU&! yield and ultimate stress of the steel. The results of these tests

are shown in Tables 2.6 to 2.9, From this testing, the average yield stress of steel is

shown in Tables 2.1 to 2.5. These values are representative of typical steel in each

test column.

Table 2.6: GradE." 40 No, 6 Longitudinal Steel (d=O,442")

Sampl.. "" Yield (kipsi L:ltirnat.. (kips) Yield Stress (ksi) Ultimate Stn!SS (ksi), 19.5 27.5 44.32 62.50
2 18.7 26.8 42.50 60.91
3 19.1 26.2 43.41 59.55

A,"'ral/;<': 4341 60.98

TablE." 2.7' Grad.. 40 :'\0. 2 Transverse Steel (d=O,049")

Sample #- Yield (k,ps) Ult,mILIP (kips) Yield Stress {hi} Ultimate Stress (ksi), 1.625 2,35 32.50 47.00
2 " 235 3000 47.00
3 1.45 2.375 29.00 47.50

Average, 3030 47.17

"



Table 2.8 Grade 60 No. 61..oDf;it;udinal Steel (d:O.44r)

Sampio, P Yieki (ki",,) UlIIID&te (1apI) Y~ Stress (kit) U1tlIllate Str8S f.Di)
I 28.' 46.6 ".28 lOH8, '8.< 46.3 ".28 10UIO
3 "" 46.~ 64.~1 l~.~

A""""",,: ".36 1~18

Table:2 9 Grad.. 60;';0 '2T~~ Steel (d"'O.049")

!>amplf' '" y ~ld (I"",,' L"lum,t .. 'lnps) YWkl St~ (m) UltlIllate 5t... {bil

I 3.1l9 X 63.;'2 X, 3.161 X ..36 X
3 3.167 X 6-191 X, 318'2 X 6-1.81 X, 3 .. X 67.37 X

A'WlI# 6-1.2; X



2.2.2 Concrete

A nominal 5000 psi concrete was used in the construction of each column type. A

single batch of concrete "'"lIS used to pour a set of COIUIDDS of the same type. This was

done to ens~ that each retrofitted column possessed the same material properties

as the as-built column.

OJ,tinder samples _re poured from es.ch batch of concrete. Tests _re performed

On these cylinders at different dates to determine the average concrete strengths, f~,

as shown in Tables 2.10 to 2.13. In each test, three samples are brought to failur(!

under compression using the Tinius-Olilen materials testing machine located at the

University of California. Irvine Structural Test Hall as shown in Figure 2.5. This was

done i and 28 days sIter pouring the concrete, as well as on the day of each column

test. (Note: The different concrete strengths are due to concrete aging).
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Figure 2.5 TesllDg of Concrelf' C)·lmders
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Table 2.10: Concrete Strengtb for Shear Enh&ncement Circular Columns

#- Dll)'B Cyl #-1 (IciJ>!l) Cyl #-2 (kips) Cyl #-3 {kiJ>!lJ /; (J>!Ii) Note;, '18 ". 108 4126 Batch #-1
28 150 15; 163 0600

" 100 158 1<0 0341 As-built CS-l, 109 '10 '13 3914 Bat.cl> #-2
28 142 14. 138 <9"
1<6 161 1« '" ",. S~im<!l1 CS-2
103 m 163 '" 5918 Specim<!l1 CS-3

7 108 "1 '18 <091 Batch #3
28 169 100 175 ,,., As-built CS-4
<9 163 100 182 6425 S~imell CS-5
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Table 2.11: Concrete Strength for Lap Splice Enhancement Circular CoIUInlL'l

#- Days Cyl #1 (kips) Cyl #-2 (kips) Cyl #-3 {kips) f.' (psi) Note:
7 1U U8 11' 40« Batch #1

2S 142 144 138 4'"

" • 148 1'7 ,,181 As-built CF_2
48 148 14> 103 ,,,. Specimen CF--4

'" 151 148 155 ".. Specimen CF-3

7 U1 U8 11' 40« Batch #-2
2S 129 14> 130 4763
03 187 1" 1'" 5612 As-built CF-l
03 130 127 1'7 4763 Sp«imen CF-6
88 1" 188 187 "03 Specimen CF-8
81 1" 1'" 1" >470 Specimen CF_"
136 100 181 188 '''' Specimen CF-9
7 92.5 " • 3316 Batch #-3

2S 112 U9 • ".,
00 142 130 • 4810 Sp«imen CF_i

• Bad concrete test cylinder sample.

Tahle 2,12: Concrete Str~ngth for Lap Splice Enhancement Rectangular Columns

"# Da'os C:1"i #-1 (klP"ll Cyl .? (kips} Cyl jli.3 (kips) f.' (psi) l'ot..:

7 109 11;3:> 106,,, 3379 Batcll #-1
2S 140,,, 1H,,, 139,,, 5040
61 '" 170 186 0013 A"..built RF_I
55 144 ." "9 ,,140 Sp«imen RF-3
60 1>7 172 18i 0083 Sp«imen RF-?

7 no 109 m 401' Batch #'1
2S lIT 170 178 '000 Specimen RF--4

" '" 1i5 m 6117 Sp«imen RF-5
6<J '" '" m 6117 Sp«imen RF-6
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Table 2.13: Concrete Strength for Shear Enhancement Rectangnlar Columns

'# DaY" Cyl #1 (lcipfl) Cyl #2 (lcip.) Cyl #3 (kipfl) I.' (pfIi) Note:, H19 113.5 106.5 ''''28 • 143 139 .,,,
" 143 143 no 5376 As-huilt RS-l
81 '''' 145 159 5529 Specimen RS-4

" 148 '" HI 5TIl6 Specimen RS-2
101 183 183 H6 83<8 Specimen RS-3
101 , , , 83<8 Specimen RS-5
Hi< , , , 83<8 Specimen RS-6
H8 m 183 166 6178 Specimen RS-7

• Bad concrete test cylinder sample.
:;: :-10 concrete C}"linder samples tested. Prior sample results used for concrete strength.
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Chapter 3

COMPOSITE JACKETS

3.1 Design Considerations

3.1.1 Shear Strength Enhancement

To increase shear strength in cIrcular columns, the are&'! within the top and bottom

24" of the column, regw:ded as tbe pllllltic lunge Wiles, are to be strengtheued with

II composite jacket ""th II minimum confinement of 300 psi. The rest of the column.

rl'glllded as the nonplasw IUllgt zone. is to be strengthened with a oompoeite jacket

'\"llh a mInImum confinement of 150 psi The jacw must provide the ftlQuired con

hlll'ment strength "nlOOll' exCHd'Dg a jacket strain of O,1JO.1 For rect&D(U1ar column

"l'C"tlOIl", the «lQwred Jackel thickness shllll ~ mcrM.'led by a factor of 1.5

3.1.2 Lap Splice Enhancement

To IlICTeaR lap spliao strength In oolUfnIl';. thl' design reqtllleIllmtll ~ idenucal to

Ihal pre\'iouslr descriMd exctpl tha.t the Jacket must pruvide the «lQuind~

ll1f'nt strength .,mham ",,<'t'f'lilng a jacket stram of G.on
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3.2 Material Description

The compoeite jacket retrofit systems were made of either carbon fiber or E-gllISS

material with varying material properties. Table 3.1 shoWl; the modulus of elasticity

of the jacket, Ej , and the layer thickness, tl.

Table 3.1: Material Properties for Compoeite Jaclrets

£. (Msi) tj (in)
Circular Shear Enhancement
Specimen CS--3 34.1 00066
Specimen CS-2 34.1 0.0007
Specimen CS-5 34.1 0.0065
Circular Lap Splice Enhancement
Specimen CF-4 34.1 00066
Specimen CF·3 34.1 0.0007
Specimen CF-6 5.1 0.1500
Specimen CF-S 55 0.1000
Specimen CF~5 341 0.0065
Specimen CF-9 55 0.1000
Specimen CF·; 8.0 0-0410

RectanR\llar Lap Splice Enhancement
Specimen RF-3 34.1 0.0066
Specimen RF-2 34.1 0.0007
Specimen RF-5 341 0.0065
Specimen RF-6 5.1 0.4500
Rectangular Shear Enhancement
Specimen RS-~ 341 00066
SpecImen RS-2 34.1 0.0007
Specimen RS-3 34.1 00066
Specimen RS-5 51 0.1500
Spedmen RS-6 80 0.0410
Specimen R$.-i 5.5 0.1000
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3.3 Required Composite Jacket Thickness

The lateral coufinement pressure, p, provided by the comp06ite jacket is given ~. the

equation

(3.1)

where 'j is the jacket design strain of O.llOl for lap spli~ enban~ment columns and

0.004 for shear enhancement colu=, and P''; is the volumetric ratio of the confine

ment jacket given by the following equations

For circular columns

For rectangular columns

P.j
,

= 4.1
d

(3.2)

(3.3)

(SA)

where b is the width and d is the depth of the column crO!lS section. Substituting

300 psi or 150 psi for p produces the required thickne:ssell of the jacket (tjl in the

plastic lunge zOnes and nonplasllc hinge zones. respectively. For rectangular colunm

sections. the required jacket thickness is increasf'd by a factor of 1.5.

The required number of composlte Jacket layers. ,\". is then calculated

"./\''' = :.L

"
where ti is the thickness of one layer of comp06ite jacket material. The calculations

slwwlIlg the minimum requirf'd jacket thicknesses are shovm in Tahle 3.2. The num-

bPI of composite jacket layers actually provided is also shown in Table 3.2.
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Table 3.2: Composite Jacket Thicknesses

Plastic Hinge Region Nonplastic Hinge Region
f. (in) N' N f. (in) N' N

Circular Shear Eahancement
Specimen CS-3 0.0132 , 4 0.0066 1 3
Specimen C5-2 0.0132 19 37 0.0066 g 26
Specimen CS-5 0.0132 , 4 0.0066 1 4

Circular Lap Splice Enha.ncement
Specimen CF-4 0.0528 8 4 0.0264 4 3
Specimen CF·3 0.0528 75 37 00264 37 26
Specimen CF-6 0.3529 3 3 0.1765 2 0
Specimen CF-8 0.3273 4 5 0.1636 2 4
Specimen CF-5 0.0528 g 10 0.0264 4 5
Specimen CF-9 0,3273 4 5 0.1636 2 4
Specimen CF·7 0.2250 6 8 0.1125 3 2

Rectangular Lap Splice Enhancement
Specimen RF-3 0.1584 24 24 00792 12 12
Specimen RF-2 01584 223 223 00792 111 112
Specimen RF-5 0.0794 13 15 0.0397 7 7
Specimen RF·6 0,529 , , 0.265 1 2

Rectangular Shmr Enhancement
Specimen RS-4 00396 6 6 0.0198 3 3
SpecImen RS-2 00396 " " 0.0198 26 "SpecImen RS-3 0.0396 6 6 0.0198 3 6
Specimen RS-5 0.2647 , , 0,1324 1 2
Specimen RS-6 0.1688 5 5 0.0844 2 2
Specimen RS-7 02455 3 3 0.1227 1 3

:"ot..: "lost columns " inforC<'<J with a number of la.,,,,,.,, which meet or exceed the
n>quirf'd number of lavers shown III Ihis table. The exceptions are columns CF·3 and
CF.4 which w"re designed inrorrecth· hv the manufacturer according to a jacket strain of
'1 =0.004
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3.4 Jacket Installation

Prior to jacket installation, the corners of the rectangular columns were ground

smooth to a. radius of a.bout 1.5" as shovm in Figure 3.1.

FIgure 3.1. Gnndillg the Edges of Rectangular Columns



The composite ja.cket is manually applied to the column using a number of proce

dures. Samples of these applications are shown in Figure 3.2. Other composite jacket

installations are sh01'"U in Appendix A.

Figure 32- Typical Jacket Applications
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Chapter 4

PERFORMANCE PREDICTION

4.1 Modeling the Jacket

The confinement effect provided by the composite jacket is modeled by considering

the jacket as equivalent trans\'el'lle steel reinforcement with spacing, i, calculated as

foUm"",:

\\'ithin a column section with a depth equal to the transverse reinforcement spac-

mg. s the equivalent tral~"'erse steel area of the jacket, A•.i' is

(4.1)

"'here EJ is the Young's :'Ilodulus of the composite jacket, K.j is the confinement "f

feetiwllcss coefficient for the jacket. £. is the Young's Modulus of the trllllSverse steel

reinforcement. and }{ot is the confinement efft'Cti\"l~lless coefficient for the transverse

s(f'el reinforcement.

Th,' trallsverse steel area. A." Within that same section is

(4.2)
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whe..e At. is the croIlS sectional area of the tra.DSVerSe stee.I.

The equivalent tra.DSVerSe ste!l reinfo«:ement spacing is then

s' = s x .AO',,,,
A. + A..j

(4.3)

Values for s' are calcula.ted as shown in Table 4.1. .The equivalent transverse steel

spacing due to the transverse stee.I and the oowposite jacket oowbined is calculated

as s;+,. Assuming tbe jacket acts independently of the tram;verse steel, the value due

to the jaclret alone is calculated 88 si.

Table 4.1, Equivalent Tra.nsvenoe Reinforcement Spacing

, (in) K. K. Av (in) A. (ill )~ (ill) . (in)

Cin:ular Shear Enhaucement
Specimen CS-3 0.026 0.95 0.95 0.0982 0.310 1.202 1.582
Specimen CS-2 0.026 0.95 0.95 0.0982 0.310 '202 '583
Specimell CS-5 0.026 0.95 0.95 0.0982 OJOS 1.218 \.61
C'rcular Lap Splice Enhancement
Spec,men CF-4 0026 095 0.95 0.0982 0,310 1.202 \.582
Specimen CF.3 0.026 0.95 0.9:1 0.0982 0.310 '202 '583
Specimen CF-6 0450 0,95 0.95 0,0982 0.791 0.552 0.620
Specimen CF·8 0500 0,95 0.9:1 0,0982 0.948 0.469 0.518
Specimen CF-5 0,065 0,95 0.95 0,0982 0.764 0.569 0,642
Specimen CF-9 0500 095 0.95 00982 0.948 0.469 0518
Spf'Cimen CF_7 0287 0.9:1 0.9:1 0.0982 0.792 0.:152 0.620

fuoctangul&r Lap Splie<> Enhancement
Spf'Cimen RF-3 0.158 0.75 05 0.0982 1.242 0.306 0.39::.
Specimen RF-2 0.159 0.75 0.5 0.0982 1.246 0.365 0.394
Specimen RF-5 0.0975 0.75 05 0.0982 0.764 0.569 0.642
Specimen RF-6 09 0.75 0.5 0.0982 1.OSS 0.426 0.465

fu><:tan.o;ular Shear Enhancemf'nt
Specimen RS--4 0,039 0,75 0.5 00982 0306 1.216 '606
Sp<"('imen RS-2 0040 0.75 05 0,0982 0.313 1.194 Uti9
Specimen RS-3 0040 075 0' 0.0982 0.310 '202 1.582
Specimen RS-S 0.300 0,75 0.5 0.0982 0.352 1.09\ 1.396
Specimen RS-6 0.205 0.75 0.5 00982 0.377 '033 'J02
Specimen RS-7 0.300 075 05 0.0982 0,379 1.028 1.294
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4.2 Moment-Curvature Analysis

A computer program, Colduct !Caltrans &- Seyed, 1993], ill used for the moment

curvature analysis of the COhUIUlS U5Wg the physical properties .shO';'OII in Tables 2.1

to 2.4, and Table 4.1. Thill program analyzes the coluIlUlli by incorporating a stres&

strain relationship of confined concrete developed by Mander [Mander et ai, 1988].

Sample results of a moment-curvature analysill of a column are .shown in Table 4.2.

The concrete strains (co) and neutral axis location (YN..4-) of the column section at

various lateral load levels are shown in columns 2 and 3. The moment and the cur

vature are shown in columns 4 and 5.

The last column labeled ~commentsn describes the onset of column degradation. The

ideal vield of steel corresponds to the extreme fiber concrete strain, Ce = 0.004 for

as-built, and Co = 0.005 for retrofitted columns. Failure mode predictions are based

on calculations shown in Section 4A, The moment-cur\"aturo analyses for all columns

are shown in Appendix B.
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Table 4.2: Output Data for As-built Lap Splice EnhancemeIlt Circular Column CF-

S.." • IIN.A.(in) Cun-a.tlln! dJ MOIDe.llt(K-ft} CommeDU
1 0.00016 -8,26 0.00lXI08 ", 0.00018 -6.67 0.000009 61
3 0.00020 -5.28 O.OOXlll 69

• 0.00022 ~.06 OO13סס.0 "S OllOO2< ~.02 OO16סס.0 ..
6 0.0002ti -2.11 OO19סס.0 93
7 0.00029 -1.30 oooxm 102
6 0.00032 -0.58 0.000026 111
9 0.",", 0.06 O.oooo:tO 122
10 0.(XI039 0.62 0.00= 133
11 O.lll_ 1.10 00000<0 I"l' 000048 L58 000004<i 1>9
13 O.0IXl53 1.97 0000053 m
u 0.00059 '.30 0.000061 192

l' 0.00065 2.59 0.000069 '10
16 O.lIOO72 '.63 Ol1l1l1079 231
17 000060 3.07 0.000069 ,S<
18 0.00088 3.26 0.000101 '79
19 0.00097 3.46 O.OOCIl14 "" Begin Yield of Steel
20 0.00108 3.H 0.000130 323

'1 0.00119 '06 0,000150 339
22 0.00132 4 ~2 0.000173 '"23 0.00145 4.,0 0000199 '"" 0.00161 ,m 0.000231 373

" 0.00178 5.33 0.000266 '"26 000196 HZ 0.000308 389,. 000217 '00 O.OOO3S6 393.'
2S o.rxmo B,lO O.OQO.107 397

" 000265 G,:H OOOO~61 .0,
30 0.00293 63& 0000522 .03

" 0,00324 6.53 0000593 ""32 O.OO~9 6.62 0000667 '06
33 0.00396 (j -~ OOOOiSl .00.,.
• 0.00«1( 671 0.000759 .00 IdeAl Yield of 5"",,1

" 0,00-138 liT( 0000838 .00

" O.OO4S4 682 0.000935 '02
30 0""" 677 O.fXll024 ""37 0.00592 6i7 0001132 "Ill
• 1000632 6.71 0001194 '" 1hmwne 5"",,1 Faillln!

1

• '·...lul'S b,-linear interpolation base<! on concrete strains..... calculate:! in Section 4.4,3
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4.3 Yield Displacement

Column flexural respollSe ClUl be estimated based on results of the moment-eurvature

analysi.'l using a bilinear approximation as shown in Figure 4.1.

.. I

••,,,
•
"

- --'--- -- --- ----- _. --- ----- --- ------- -- -------- -_._- _.__._._. --_.- ..-_.•._----
,. 1
.. f

La'..oIOioplaoomonl

Figure 4.1: Load-Displacement Diagram - Bilinear Approximation

Allowing for strain penetratwn of the longitudinal reinforcement into the footing, the

effective column height. h•. of the column can be taken as

h, = h+O_15<4xi•• (4.4)

where h is the height of the column. dw i.'l the nOIDlllal diameter (in) of the longi

tudinal steel reinforcement. and ill' is the yield stress (ksi) of the longitudinal steel

reinforcement.
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Thl! expected lateral displ~ml!ntat first yil!ld, ill. for the column is

(4.5)

Thl! lateral force at thl! yield condition for thl! bilinear a.pproximation is taken as thl!

la.teralload capacity of the column, Hr. Thus, the idealized yil!ld displaceml!nt (il.)

corresponding to thl! la.tI!Ial yield force for thl! bilinear approximation can be found

by extrapolating from thl! first yil!ld displacement(b.1}

(4.6)

Thl! calcul.a.tioDfi for yield displacement IU"I! MO'A"ll in Table 4.3.

Notl!: Columns in double bending may be modeled as two balf columns in single

bending. The preceding analysis can then be perfonned on a column with half of the

height of the actual column. and then the results IU"I! doubled.
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It. (ill) ., H H. .0..1 (ill)~ (Ill)

Cu=lat Shew Enh'~
A5-buih CS-I 52... 0.000113 "> un. 0.211 0.281
Sprrim", CS-3 52... 0.000114 ". IOU 0.213 0.293
SJl"'"'imPll CS-2 52... 0.000118 ". 1010.2 0."" 0.290
A.buih CS--4. SUS 0.000163 99.3 123.S 0.326 0."
Specimen CS-S 54" 0.0001" ..., 136.1 0.288 0.414
Circular I.p SpiK:e Enb1noement
M.-built CF.2 148.88 0.000112 24.8 33.' 0.828 1.119
SJl"'"'imen. CF-4 148.88 0000120 75.' 34.3 0.887 1.190
Specimen CF-3 148.88 0,000116 75.2 34.3 0.&7 1.167
Ao-built CF·l 148.88 0000114 25.3 33.8 0.842 1.125
Specimen CF-6 148.88 0.000122 25.3 34.' 0.901 t.227
Specimen CF-S 148.88 0.000115 25.3 3".1 0."'" U83
Specimen CF-5 148.88 0,000116 75.3 3M 0.&1 1.188
SpecImen CF·9 10&8.88 0,OlX1I15 25.3 3.1.2 0."'" 1.183
Specimen Cf-' 148.88 0,0001Z2 25.4 34. 0.901 1.224
Rectangular Lap Spl'Cf Ellhan</emeDl
As-built RF-I 1"1.2,, 0,000171 .'>9,7 79.0 L3O< 1.126
Specimen RF·3 1.'>1.2" 00001.'>7 .'>74 8H 1.197 1.767
Specimen RF·2 1"12,, 0,00017l ... 86.' L3O< 1,901
Specimen RF·" 1512.'> 0000151 .'>7.3 861 l.lSI Lm
Specimen. RF-6 1,,1 '25 00001.'>1 .'>7.3 86, 1 151 1.142

Rect.an,;uIar Sbnr EIl!l.atu:'mwrr.'
As-built RS-I

';~
0000106 , 91.3 118.0 0.198 0.758

5""""""' "'" " 0000118 93.' 128.2 0."" 0.302
Specimen RS-2 5288 0000116 93' ".. 0.216 0'"
Spectmen ftS.-3 5288 000011. 9·t:> 131.6 0.218 ...
Spec~ RS-" 52& 0,00011. ... 1324 0.218 0....
Specimen RS-ti 5288 00001 H 93 • 132.1 0.213 0290
SpecllDell RS-' .,.. 0,000114 93. 132.6 0.213 0.301
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4.4 Failure Modes

Under qUlllli-statie lateral loading, thO'! column ill expected to exhibit a number of

potential failure modes. These include shear failure, lap splice failure (where appli

cable), confinement failure, lWeI longitudinal steel failure. These failure modes may

be quantified as follows:

4.4.1 Shear Failure

The lateral shelU streugth, V', of the column is provided by four major components:

the concrete (V~), the lateral steel (V.), the a.xiaJ.load (v,.l, aDd the composite jacket

(YeJ ). The shear nrength may be estimated using the following equation [Priestley

&.:. Seible, 1996; McDaniel, 1997]

For circular columns:

V' = V<+v.+VI'+Vq (4.7)

- :r A.~fl1hrf d - c
V' = o:/3kl//;.4,..,.., l( rotf!" + -h-P + 2tJ / , d x cottr (4.8)- ,

For rectangular columns

I,' = "'k"7 A,.J..d' .. d-'p 2 fd ..a" \ J;.-l. - s x cot + -h- + tj j )( cot

where
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f; ~... ~... ~

f. -
~ ~, ~.. ~

d ~

h ~, •
p ~

f, -• ~

actual concrete strength measured on the day of tflStlnS;
effective area in shear equal to D.SA,.-;
2A.6, the total area of tranverw Minforcement
in a layer in the direction of the shear force;
yield stress of uansvene steel;
center to center deptb of tn.I:l5Yene reinforcement:
apaciD« of hoops;
30", the angle of expected me.z. crack with respect to the \"tttlC&1 axilI:
depth of the c:olWDD CJ'OM Iel:tioa;
half the height of the c:olumn;
depth of the compression block;
applied axial force;
the strf!!l:l III the jacket COlTt!SpOnding to a jacm lItraiD. ~ "" 0.004
factor modifies the equauon .coording to aspect. ratio, &Dd is pven by

M
I $Q-3-Vij:O::; 1.5

IJ "" factor acrount!J for the longitudinal8tel!! ratio, Pr, and ill estimated by

k = 0.6 to 3.5 d~ndillg on the di.!pIll(:ement ductility, "'11, quantified by the
set of equations all ShCM'1I:

1
'5

k = 35 - 1.15(Jl:. - 2)
12 - 0, 15(,..:. - -t)

06

0:">/'11<2
2::;"'11<4
""':;"6<8
Jl:> ;;.: 8

Shear strength. \-"'. is calcuhned for bnlll~ and AexuraI failure modes as abo-on In T..

ble; .j ,I and 4.5 1\011' thai thll' eliec:1. of tht- compame jat:ket 1$ nePigible for britt~

~lll'ar failure. bur is sigmficanT for flO'XUral failuno mode.

Sl~ar 5tr~gth '" aboo calculated fOf eacb step of the rnommt cun-ature anal)"UI from

hnttll' failure mode 10 lIexural failurl' modo! "" sho9.~ 111 the en.mpll' in Table 4.6.

;';01(' Ibal the shear slrength degrades !Ill IhI' dISplacement ductilit)., p.t>, IDCn!lllII'S.

Shl'Rr lilrl'llgth calculatiollll for all columll5 are $hO'll~ ill Appendix C,



Table 4.4: Shear Strength Calculations - Brittle Failure Mode

Vo (kips) Va (kips) V. (kips) V- (kips) V (kips)

CiTCular Shear Enhancement CoIIlIIll1S
As--built CS-I 92.6 18.3 10.1 121.0
Specimen CS-3 97,4 18.3 10.1 12S.8
Specimen CS-2 9S.6 18.3 10.1 124,0
As--built CS-4 97.6 18.3 10.1 126.0
Specimen CS-f> IOU 18.3 10.1 129.9
CiTCular Lap Splice Enhancement CoIIlIIll1S
As-built CF-2 91.2 18.3 10.1 119.6
Specimen CF-4 91,6 18.3 10,1 lW.O
Specimen CF-3 92.8 18.3 10.1 121.2
As--built CF-I .. 9 18.3 10.1 123.3
Specimen CF-6 87,4 18.3 10.1 lIS.8
Specimen CF-8 96' 18,3 10.1 124.f>
Specimen CF-S 937 18.3 10,1 122.1
Specimen CF-9 962 18.3 10.1 124.6
Specimen CF-7 87,9 18,3 10.1 116.3
Re<:tan.o;ular Lap Splic<' Enhan~menl Columns
As-built RF-I 12f>.1 49.8 13,0 187.8
Specimen RF-3 11f>.6 49.8 13.0 178.4
Specimen RF-2 125.8 49,8 13.0 188.f>
Specimen RF-S 1261 498 13.0 188,9
Specimen RF-6 126,1 49.8 13,0 188.9

R~!angulac Shear Enhan~menl Columns
As-built R$.1 85.7 36.0 :n,7 156.3
Specimen RS-4 89.9 "'0 31.7 1f>7.6
Sp<'Cimen RS-2 9U "'" 31 7 If>9,0
Specimen RS-3 966 "'0 31.7 164,2
Specimen RS-f> 96.6 "'" 31.7 164,2
Specimen RS-6 96' 36.0 31.7 164.2
Specim.-n RS-7 968 36.0 31.7 164.4
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Table 4.S: Shear Strength Calculations _ Flexural Failure Mode

~'" (lcips) V. {lIips} V. {lOps) v: (kips) V (kips)

Circul8J She8J Enh.aIlcement CoIIlI1lM
As-built C5-1 lS9 18.3 ., 42.3
Specimen C5-3 16.7 18.3 •., 96.9 140.0
Specimen C5-2 16.4 18.3 •., 96.9 139.6
A&-built CS-4 16.7 18.3 8., 0.0 <3.'
Specimen C5-S 17.4 18.3 ., '" 13!1.3

Circular Lap Splice Enhancement CoIIlIllM
As-built CF_2 15,6 IB.3 ., 42.0
Specimen CF-4 IS7 18.3 •., 48.' 90.'
Specimen CF_3 15,9 18.3 .., 48.' 90.'
A&-built CF-I 163 18.3 ., 42.7
Specimen CF-6 15,0 18.3 .., 123.6 164.9
Specimen CF-8 16.5 18.3 •., 148.1 190.9
Specimen CF-5 16,1 18.3 8., 119,3 161.8
Specimen CF-9 16.5 18.3 ., 148.1 190.9
Specimen CF-I 15 1 IB.3 ., 123.6 16.5.1

R.ectanltUJIlI" Lap Splice Enhancement Columns
As-built RF_1 21.4 49.8 10.4 81.6
Specimen RF-3 19.8 49.8 10.4 449.1 529.0
Specimen RF-2 21.6 49.8 10.4 450.8 532.5
SpecImen RF-b 21.6 49.8 10.4 276.4 "'.2
Specimen RF-6 21.6 49.8 104 381.6 463.4

Reetangul.... Shea, Enhancement Columns
As-built Rs-1 15.'2 36.0 25.3 76.5
Specimen Rs-4 154 30.0 253 442.3 519.0
Specimen R5-2 15.1 30.0 25,3 452.8 529.8
Specimen Rs-3 16.6 30.0 25.3 449.1 526.9
Specimen R5-5 16,6 30.0 25.3 508. ""Specimen R5-6 166 36.0 25.3 545.4 623.3
Specimen Rs-7 16.6 36.0 25.3 548.7 626.6
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Table 4.6: Ductility II.Ild Shear Strength ClL1culations for As--built Lap Splice En
ll!wcement Circular Column CF-1

s~, H (kips) a (in) '"
, V (kips) Comm~., •• 0.059 0' 3.50 123.4

2 ... 0.066 0.' 3.50 122.6
3 " 0.081 0.' 3.50 121.9

• 6.3 0.096 0.' 3.50 121.3, 7.0 0.118 0.' 3.50 120.8
6 7.' 0.140 0.1 3.50 120.3
7 8' 0.163 01 350 119.9, 9.3 0.192 0.2 350 119.6
9 10.2 o.:m 0.2 3.50 119.2

" 11.1 0.259 02 350 119.0
U 12.2 0.296 0.3 350 118.7

" 13.3 0.3<0 0.3 3.50 118.5

" lUi 0.392 0.3 350 118.3

" 16.0 0.<151 O. 350 118.1

" n.5 0.510 0.' 3.50 118.0

" 19.3 058< 0' 350 117.8
n 21.2 0,658 0.6 3.50 117.7

" '23.3 0.746 0.7 3.50 117.6

" '25.3 0.&1'2 0.7 3.50 117.5 Begin Yield of Steel

20 26.9 0.895 08 350 117.4

" '28.3 0.939 08 3.50 117.'2

" '29.3 0,975 09 350 117".0
23 30' LOll 09 3.50 116.9

" 31.1 1034 09 350 1167

" 3L9 1.061 09 3.50 116,6

26 3'2.4 1,078 " 350 1164

" 3'2.8 1089 '.0 350 116.3
26 33,1 1.100 '.0 350 116.'2
29 33> 1 1I1 10 350 116 I
30 33,6 1.117 10 3.50 116,1

" 33.7 I 119 10 350 116,0

32 33.8 1.125 10 350 115,9
33 33.8 1.1'25 10 350 1I5.9

• 33.8 l.l '25 10 3.50 115.9 Ideal Yield of St.eel

" 33.8 1.307 12 3.50 115.9
35 335 1521 " 350 11;'.8

" 33.6 1.7'28 " 3.50 115,9

37 333 1.970 " 350 115.9

• 33. 2.115 19 350 11;'.9 Tr&n\'erse Steel Failure
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4.4.2 Lap Splice Failure

Lap splice failure is knoIo"II to occur in uucouliued columns when tbe extteme fib.!:r

ooncrete suaiIl reaebetJ ~ = 0.0015 [Priestley &: Seible, 1996]. This will u'nsl ...e into

• lateral strain of l = O.OOIS in the trallS\_ steel ami. tbe compoeite jal:ket.

Provided Confinement

La~ str&m!l dl"\~p in the tramvene reiDforoemeut ami. the composite jaeka as

the critical column section deforms under. BexuraJ load. TheBe lateral nraiDII dilate

the transveTge steel and the COmp<ll!llte;acket call.!ing a coufiDement effect. This con

finement >\.ct.S to inhibit lap splice fa.ilure.

The overall lateral confinement provided by the combined effect of the lateral Rteel

lind cOlnp08ite jllcket is

I: = III + II,

The confining str~. I". pronded b~' the trans\~rse steel rrinforcement is

For circular column Sl'l:1l0llS.

fur rect~larCOhllIW sec110nS

I" = Ill. + II,.,
• h'.(A.~.I,.II-.'t"zI,!.t)

29 lid'

(4.10)

(411)

(412)

\\'hrN' f" is the confinement effe<:tl\-eness coeffiCIent equal to 0.95 for the ciTcular

IralLwerse reinforcement IUId 0.75 for re<:t&ngula:r transvenle If!inforeement, ami. II is
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the center to center width of the tr~rse reinforc:ement.

The oonfilliug stress, Ii" provided by thl! composite jsdcet is

For circular column sections:

For recta.ngu1a;r column Sl!Ctions:

_ II" + li10II, 2 -

= Kt.(h.d+hb)., bd

(4.13)

(4.14)

where K. is the confinement efre<;:tivene8S coefficient equal to 1.0 for the circular

composite jacket, and 0.5 for the rectaugular composite jacket.

Required Confinement

The confinement stress rl'quired to inhibit lap splice failure, It, is computed using the

follo"..ng procedure·

The perimeter, p, of th... characteristic block is calculated from

For circular sections'

For rectangular sections:

p = ~ --- 2(~ + c) :S 2,,12(c + <4.i)

(4.15)

(4.16)

where n is the number of pans of column bar:s of diameter ~ being lap spliced, d'

IS the diameter of the core column section, S is the spacing between each pair of
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lapped barn iII the critical column face, and c ill the clear em""r to the longitudinal

reinforcement.

Therefore, the confiniug strength required to iDhibit lap splice failure is

I: = ~/.P". (4.17)

where~ ill the crOS'l !leCtionai area of the lapped bar, I. ill the stre&'! in the longitu

dinal reinforcement, jJ. is the coefficient of friction talren &5 1.4, and I. is the length of

the lap splice.

By substituting I. with the yield Wld ultimate strengthll of the longitudinal steel,

I.,. and I"" the required confiniug stresses to iDhibit lap splice failure beyond longi

tudinal steel yield IUld failure, I;~ and II., may be fOUIld.

If the pro\":ided confining stress, If, is larger than the required oonfiniug litre&'!, If., it

may be inferred that a bnttl.. failure will occur lllI shov.'!l in Table 4.7.

Similarly, I.,. may be replaCl'd ",th the longitudinal bar !Itres'!, I., to find the lateral

confinement required to inhibit lap splice failure at varioWl load levels. E>;ample of

Ib""" calculations is sho...·n 111 Tabl~ 4.8 Thele calculations are sho....n in Appendi>;

D
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Table 4.7: Calculatioll$ of Lap Splice Strength

h (psi} 1, (psi} flu (psi) ."Circular Lap Splice Enhancement
As-built CF-2 25 '>5 387 <I
Specimen CF_4 250 215 387 "Specimen CF-3 ,>0 'IS 387 "As-built CF-l 25 'IS 387 <I
Specimen CF-6 ,g, 21' 387 "SpecImen CF-S m 'IS 387 "Specimen CF-5 579 'IS 387 >1
Specimen CF-9 m 'IS 387 "Spec,m,'" CF-r 599 '" 387 > I
Re<:tall~ular Lap SpliC<" Enhancement
As-built RF-l " '" 574 < I
Spec,mplt RF-3 380 '" ,7< "Specimpn RF-2 381 319 57. >1
Spec,mpn RF-5 ,>0 319 57< <1
Specimpn RF-6 329 319 ,7< - 1
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Table 4..8: Lap Splice Strength Calculations for As-built Column (CF-l)

S'OP <. /.(hi) h(p.ri) eomm'P.
1 000002 068 3.42
2 0000)< 128 6.39
3 O.OOClOi 2.00 10.00
< O.lXXJIO 2.S< 14.19, 0.lXXJ13 3.81 19.03, O.lXXJ17 <.88 24.37
7 ooom ,,, 31.39
8 0.lXXJ27 7.87 39.27
8 0.0003< 9.87 49.25

10 o.ooon 11.80 68.86
n 0.00050 14.46 72.13
12 0.00059 17.14 85.51

" O.lXXJ70 20.26 101.07
1< 0,00082 23.90 119.25
lO 0.001% 2i.n 138.32

I' 0.00111 32.06 159.95

" 0.00128 37.20 185.61

" 0.00146 42.37 211.38
lO 0.00167 43.41 216.58 ~in Yield of Steel

20 000196 43.41 216.58

" 0,00230 43.41 216.58

" 000273 43.41 216.58
23 0.00317 43.41 216.58

" 0.00377 43,41 216.58
25 0.~42 4341 216.58

" 0.00518 43.41 216.58

" 0.00610 43.41 216.58

" 0.00706 4341 216.58

" 0.00805 43.42 216.62
30 0.00919 43.6-1 217.73

" O.ot053 4390 219.03
32 0.01192 44,17 :220.37
33 001348 444i 221.88
• 0.01363 ·H.SO 222.02 Ideal YieW of Sleel

" 0.01509 44.78 223.44

" 0.01688 45.13 225.17
36 O.ot847 45.44 326.70
37 0.0211<0 45.81 228.57

• 0.02144 4601 229.57 Tra.n\'fi!le Steel FailUl"f!



4.4.3 Confinement Failure

A1J the jacket Or transverse reinforcement d.il&tes, it Illay reach 1I. stress beyond its

ultimate strength, I~, causing failure. The extreme fiber concrete ultimate strain at

oonfinement failure, ("", may be found lIB follows [Mander et al, 1988J:

The provided lateral oou.lining pressure, I;, is calculated as shown in Section 4.4.2.

The cou.lined concrete compressive strength is

I' = "(2254 /1 + 7.94!: _ 2/; _ I 254)
J« Je. V Ie !e .

Circular Column Sections

The volumetric ratio of oonfinement steel, p." is

(4.18)

(4.19)

(4.21)

2A.
P.. = D's

The transverse steel will fail when extreme fiber concrete nltimate strain, {evI, is

- 0004 + 1.4p,,f,,,f.,, x I 5 (4.20)£"", -. !~ .

where f." is the ultimate suain of the longitudinal column steel talren as 0.12.

The '·olumetric ratio of the confinement jacket. p'}' l.'l

4tj
p'} = d

Assuming the bonding between la~'ers is adequate, the confinement jacket will fail

,,·hen the extreme fiber concrete ultimate strain, {..." is

- 0 004 2.5p,i1~J(,j (4.22)
l""i - . + 1:X

where I~j is the ultimate suength of the jacket, and f.j is the expected maximum

sUam in the compooite jacket.
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Rectangular Column Sections

The volumetric ratio of confinement steel, P., is

P.. = Pr+p"

A.+A.
It~ d'~

(4.23)

where Pr and p" are the confinement steel ratios in the strong and weak directions,

respectively.

The tr!UlS\'&!!e steel will fail "'hen the extreme fiber concrete ultimate strain, £ .... ,

~ 0004+ 1.4p..f ..£,.. )( 15
£.....,. f;' .

where f ... is the ultimate strain of the longitudinal column steel taken 8S 0.12.

(4.24)

(4.25)

(4.26)

The volumetric ratio of the confinement jacket, P')' is

2t, 2t<
P.] = b+7

Assuming the bonding octween layers IS adequate, the confinement jacket will fail

",hCll the extreme fiber concrete ultimate strain. ' .....j. is

- 0004 1.25p./f.,e.)
(...., - , + f;'

where f., is the ultima'e strength of the jacket and e.) is the expected maximum

stram III the composIte jackN.

Th~'Sl" strain calculations are sho""Il in Table 4.9. By linear interpolation these values

ILH\,\' be used to obtain moment and curvature for transverse steel and jacket failure

from the moment-curvature anale.sis shO'\"Il in Tables 8.4 and 8.26 in the appendix
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4.4.4 Longitudinal Steel Failure

Failure may occur in the longitudin&! steel due to the steel being stressed beynnd

its ultimate strength, II~. This failure mode is mainly dependent on the ultimate

strength of the longitudinal reinforcing steel. kColduct", the computer program used

for the moment-curvature analysis, indicates at what level this Ca.ilure mode msy

occur as shown in Appendix B.
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Table 4.9: Confinement C&1culatioU!l

" (psi) P. <~ P. <.
Circular SltelLl Enban~meIlt
As-built C5-1 " 0.(XH1:; 0.0Cl643
Specimen CS-3 '" 0.0011:; 0.00S42 0"",,, 0.Ql633
SpecimeIl C5-2 '" 0.0017& 0.00S46 0""'" 0.01666
As-built CS-4 " 0.00111'> 0.00619
SpecimeIl C5-1'> '" 0.00171'> 0.""" 000433 0.01l>S2

Circular Lap Splice Enbancement
As-built CF-2 " 0.0011& 0.00651
Specimen CF_4 m 0.00175 0.0Cl648 0.00440 0"'0<8
Specimen CF-3 I is 0.001 i1'> 0.00642 0.00440 0.02496
As-built CF.l " 0.00175 0.00&32
Specimen CF-6 "" 0.00115 0.00612 0.Q75OO 0.~167

Specimen CF-8 '" 0.00175 0.00626 00833J 0.04490
Specimen CF-5 395 0.00115 0.00638 0.01083 0.~66

Specimen CF-9 ,.. 0.001 i5 0.00626 0.08333 004482
Specimen CF_i 'OS 0.00115 0.00669 0.04783 0.03164

Re.::taDRUJar Lap Splice EnhaD~mem

As-built RF-l " 0.001146 0.00849
Specimen RF-3 3M 0,001637 0.007&9 0.026400 0,~1l6

Specimen RF-2 381 0.001631 0.00116 0.026500 0.04570
Specimen RF_5 2011 0,001637 0007H 0.016250 0.03186
Specimen RF-6 329 0001631 0001'26 0150000 0.03290

Re.::tanjl;ular Shear Enhancement
As-built RS-I 38 0,002Q63 0.00S34
Sp<'Cimen RS-4 295 0,001909 0.00708 0.007583 0.01162
Specimen RS-2 391 0,001909 0.00699 0.007764 0.Ql7l>S
Sp<'Cimen RS-3 2" 0001909 0.00674 0007100 0.01633
Specimen RS-5 '" 0001909 0.l1li668 01108333 0.01484
Specimen RS-6 '" 0,001909 0,00664 0.039861 0.01448
Specimen RS- 7 35i 0.001909 0.00663 0.058333 0.00956
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4.5 Expected Plastic Displacements

The equivalent plastic hinge length, 4, appropriate for a bilinear approximatioo of

the response is [priestley &. Seible, 19961

4 = O.08h + 0.15.:4.1/,. ~ 0.3<411...

The plastic rotation, 8p , caD then be estimated as

The plastic displacement, .c..p , is given by

The ultimate displacement, .c..~, is then

Thus. the displacement ductility. J.!.i:>.. is given by

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

Csing this same proct'<lure. Hubstituting M. and ¢~ with all values within the plastic

region for momellt and CUT\'ature. dL,placement ductility may be calculated for mul-

t,ple steps of the moment-cur-11tm.. analysis as shown in Appendix C.
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4.6 Summary of Predictions

From the calculations based on the moment curvaturt" ana.Iysis, Appendix B, the

progression of column degradation may be seen. By reviewing these tables as well as

those in Appendices C and D, the ultimate failurt" modes for each column may be

obtained.

4.6.1 Shear Enhancement Circular Columns

The as-huilt column is predicted to exhibit a brittle shear failurt", while the retrofitted

columns will fail in flexure at about ductility 6 as shown in Ta.ble 4.10.

4.6.2 Lap Splice Enhancement Circular Columns

The as-built columns are predicted to exhibit a brittle lap splice failure. Two of the

retrofitted oolwnns are also expected to exhibit lap splice failure at about ductility

4 The remainder of the retrofitted columns will fail in flexure at about ductility 8 as

shown in Table 4.10

4.6.3 Lap Splice Enhancement Rectangular Columns

The as-built column is predicted to exhibit a brittle lap splice failure. The retrofitted

columns will also exhibu lap sphce failure. but nOi until about ductility 4 as shown

III Tablt' 4.10.

4.6.4 Shear Enhancement Rectangular Columns

TIl<' as-built column is predlcted to exhibit a brittle shear failure, while the retrofitted

COIUlllllS ..... ill exhibit composite jacket failure from ductility 6 to ductility 8 as shown

ill Tablt' 4 10,
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Ta.ble 4.10, Summary of Predictions of ColUllUl Beha.vior

H..{k,p$} " (in) a .. (in) •• Failure Mode

Circular Shear EnhMtement
As-built CS-l 99.' 0.281 0.651 2.3 Brittle Shear Failure
Specimen CS-3 118.5 0.293 1.833 62 Flexural Failure
Specimen CS-2 118.0 0.299 1.891 6.3 FIl!Xural Failure
As-built C5-4 122.0 0'"' 0.61 L5 Brittle shear failure
Specimen CS-5 149.0 0.414 206 4.97 FlexurBl Failure

Circular Lap Slice Enhancement
As-built CF-2 302 1.119 LOO8 0.' Lap Splice Failure
Specimen CF-4 38.5 1.190 •."" ,., Lap Splice Failure
Specimen CF-3 38.3 1.167 4.499 3' Lap Splice Fa.ilure
As-built CF_l 306 1.125 1.018 0.' Lap Splice Failure
Specimen CF-6 ... 1.227 '.6<8 7.' Flexural Failure
Specimen CF-8 "3 1.183 9.673 62 Flexural Failure
Specimen CF-5 43.3 1.188 9.145 7.7 Flexural Failure
Specimen CF-9 .... 1.183 9.648 6.2 Flexural Failure
Specimen CF-7 42.6 1.224 8871 72 Flexural Failure

Rectangular Lap Slitf' Enhancement
As-built RF·J 6U 1.726 1.357 08 Lap Splice Failure
Specimen RF-3 933 1.767 8.465 '.8 Lap Splice Failure
Specimen RF·2 92.7 1.901 7.751 ••• Lap Splice Failure
Speci".len RF-5 97.6 1.7291 12.70 7.3 Lap Splice Failure
Specimen RF·6 979 174W 1193 69 Lap Splice Failure

R.ectanl/;ular Shear Enhancement
A5-built R5-1 1250 0256 0.786 3' Brittle Shear Failure
Specimen R5-4 1502 om 2465 8.2 Jacket Failure
Specimen R5-2 151.2 0.298 2.515 8. Jacket Failure
Specimen RS-3 1516 0"" 2.495 8.2 Jacket Failure
Specimen RS-5 1520 0305 2411 7' Jacket Failure
Specimen RS-6 152.0 0.299 2.357 7.9 JltCket Failure
Specimen RS-7 147.3 0.301 1.686 56 Jacket Failure
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Chapter 5

COLUMN TESTING

5.1 Test Setup

5.1.1 Set-up for Double Bending Column Testing

Shear enhancement columns are tested in double bending using the shear column

testing apparatus, Figures 5.1 and 5.2. located in the UCI Structural Test Hall. A

h~'draulic actuator connected to a strong "call is fastened to the rigid steel shear urn.

This arm is fastened to tlJ(' lop Dox of the column. The column footing is fastened

to th(- strong floor



Figure 5.1: Double Bending Column Testing

,,

, .....~ ,~..~_. '-'

Figure 5.2: Set-up for Double Bending Column Testing
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5.1.2 Set-up for Single Bending Column Testing

Lap splice enhancement colUIIUlll are tested in single bending using tbe testing ap

paratus, Figures 5.3 and 5.4, located in the UCI Structural Test Hall. A bydraulic

actuator fastened to tbe strong wall is also fastened to tbe top of the bending column.

The footing is fastened to the strong floor.

Figure 5.3' Single Bending Column Testing
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•

I
Actuator

/
Column -.J

Figure 5.4. Set-up for Single Bending Column Testing
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5.2 Column Preparation

5.2.1 Post Tensioning

Shear COluffill$

The shear column footing is tensioned ~;th 6 venical steel rods of diameter d~ = 1.25~

and yield stress I~ = ISO ksi. Each rod is tensioned to 95 kipll, well below the rod's

yield capacity of 187.5 kipll. Through statics, it is determined that this tensioning

produces the foreen~ to resist 192 kipll of lateral load.

The column top box is a!lIo tensioned with 4 lateral and 6 vertical steel rods of

d,ameter do = U:r and )·ield stress I, = 1SO ksi. Each rod is tensioned to 95 kipll,

belo'" the rod's yield capacity of ISO kipll. Through statics, it is determined that

this tensioning produces the force necessary to resist 213.7 kips of lateral load for all

columns tested.

Tensioning the column ill this WllY prior to the test ellllures that it will behave ideally

I'S Il shear column. Tlw o\"crall lateral load capacity of the column in the testing

apparatllS is 192 kips. larger than the expected lateral load.

Bending Columns

The bending column footing is tensioned with 6 vertical steel rods of diameter d" =

1.25" and yield stress I. =< 150 ksi. Each rod is tensioned to 9S kips, well belo~·

the rod·s yield cllpacity of 187.5 klps. Through statics, it is determined that this

tensioning produces the force necessary to resist 192 kips of lateral load.

The column top box is a!lIo teIlllioned with 4 lateral steel rods of diameter d~



1.0" and yield stress f. = 150 koSi. It is Dot necessary to polit-tension these rods since

they will simply transfer the lateral load from the actuator to the top of the column.

These rods have a combined lateral load capacity of 750 kips.

Tensioning the columu in this way prior to the test ensures that it will behave ideally

as a bending column. The overall lateral load capacity of the columu in the testing

apparatus is 192 kips, larger than the expected lateral load for all columns tested.
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5.2.2 Instrumentation

Each column is intrumented with several measuring in!ltruments. String potentiome

ters are attached along the face of the column to measure lateral deflection. Internal

strain gages are used to measure strain of the longitudinal steel and transverse steel.

Surface strain gages are applied horizontally to measure strain in the column surface.

These may be seen in Figures 5.5 and 5.6.

Figure 5.5; Interior Strain Gages
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Shear Enhancement Cireular Columns

Seven string potentiometers are attached to the face of the column at 6~, 12", 18",

30", 48", 66~, 84", 90", and 96".

-·~-<ii"}--1t
Lo. 't .. ~o.l Loa.d

Figure 5.7, Locations of Column Rebar for Shear Enhancement Circular Columns

The locations of the strain gage« are labeled in relation to the longitudinal reinIon:e

ment, as sho'\\'Il in Table ;',1 and figure 5.7. for example, the strain gage labeled

SC16-88 is located on the surface of the column corresponding to rebar #16, and 88~

from the base of the column.{:><ote, 'T' indicates an mclination of 45~.)
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Table 5.1: Sensor Locations for Shear Enhancement Circular Columns

Column Sur~ (SC) VertiClll Bars (SV) 'Ifansve."., Bars (SH)
Rebar # Height (in) "'''''' Height (in) "'''''' Hei~t (in)

" 88 '" 92 16 OJ
11 88 12 92 6 93
6 88 11 92 1 88
1 88 2 92 16 "161 SO 1 92 6 "161 16 20 " 16 "16 6 1. " 6 "11 6 12 " 1 8
6 6 11 " 16 3
1 6 10 " 6 3

2 "1 "'" •12 •
H •
10 •
1 •

60



Lap Splice Enhancement Circular Columns

Seven Slring potentiometers are attached to the face of the column at 6~, 12"', 18",

30", 60"', 90", 120", and 144'" from the base of the column.

• Q'"'>--il
La ' .. ro.l Loc.d

Figure 5.8: Lo<;ations of Column Rebar for Lap Splice Enhancement Circular ColulIlllS

The locations of the gages are labeled in relation to the longitudinal reinforcement,

as sho"'Tl in Table 52 and FIgure 5.8. For example, the strain gage labeled SCI-16

is located on the surface of the column corresponding to rebar #1, and 16~ from the

ba><e of the column. (Now .'\r· indicates a \'t'rtical orientation of the strain gage,

and ~r indicates an Inclination of 45'.)

61



Table 5.2: Sensor Locations for Lap Splice Enhancement Circular Columns

ColumQ Swfa.ce (SC) Yert. Ba.rs (SY} Starter Ba.rs (SYS) "ITans. Ba.rs (5H)

"'''' * HeiR/lt "''''* Height Rebar '* Heillht Rebar '* Height,
"

, n ,
" 6 n

6V "
, n " " " n

" " 10 n 1 3 1 "'" " " n 2 3 " "1 8 " n 10 3 1 7
6 8 20 n " 3 6 7

" 8 1 " " 3 " 7

" 8 2 " 20 3 " 7
10 " 1 2

" " " 2

" "20 "
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Lap Splice Enhancement Rectangular Columns

Seven string potentiometers are attached to the face of the column at 6~, 12", 18",

30", 60", 90", 120", and 144" from the b88e of the column.

Y? f
•,

• • • , •
• •--- • •Lootetal lo.d • • ••• • •• • •

,l; I I
"'''

{l

Figure 5.9: Locations of Columu Rebar for Lap Splice Enhancement Rectangular
Columns

The locations of the gages are labeled in relation to the longitudinal reinforcement, as

shown in Table 5.3 and Figure 5.9 For example. the strain gage labeled SC25/26-16

" located on the surfan> of the eolumn between bars 25 and 26, and 16" from the

base of the column. (:\ow '"1"" mdicales an mclination of 45°).
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Table 5.3: Senror Locations for Lap Splice Euhaucemeot Reetaogular CoIUlIlllll

Column Surface (SC) Vert. Ban (SV) Starter Ban (SVS) Tra.ns. Ban (5H)

"""". Height Rebar * Height """". Height """". Heigbt

25/26 16 19 " 18 13 18/19 "18/19 16 18 " , 13 ./, "11/12 16 l6 " 19 3 25/26 7./, 16 , " 18 3 11/12 7
25/261 8 • 72 16 3 18/19 2
18/19 8 , 72 , 3 ./, 2
11/12 8 19 l6 • 3

./' 8 18 l6 , 3
l6 l6, l6, l6, l6
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Shear Enhancement Rectangular Columns

Seven string potentiometers are attached to the face of the column at 6",12",18",

30", 48", 66", 84", and 90" from the base of the column. ODe is attached to the back

of the shear arm corresponding to 96", the top of the column.

,
,

•

•••

•
•,.,,

•
Lo.teral locd

Figure 5.10: Locations of Column Rebar for Shear Enhancemeut Rectangular
Columns

The locations of the gages are labeled in relation to the longitudinal reinforcement, lIS

tihown in Table 5.4 and Figure 5.10. Fot example. the strain gage labeled SCI8/19-92

is located on the surface of the column bet"-een bars 18 and 19, and 92" from the

base of the column.



able 5.4: SellllOr Locations for Shear Enhancement Rectangular Colum

Column Surface (SC) Vertical Bars (SV) Tr&llSYene Bars (58)..... Height (in) ..... Height (in) ..... Height (in)

18{19 92 " 92 3/' OJ
3/' 92 " 92 13/14 OJ

18{19 84 11 92 18/19 8
3/' 84 • 92 8/9 8

18/19 n 3 92 3/. 3
18{19 60 , 92 13/14 3

3/' 60 " 48
18/19 60 3 "18/19 48 " •

3/' 4S " •
18/19 36 11 •

3/. 36 • •
18/19 " 3 ,
18/19 " , ,

3/. "

T
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5.2.3 Applied Axial Load

Just before ,he column 11111$~, 6.ll axial load was applied to the 'Op of the column

by mHOS of • pair of h)-draulic: jacb Joeated on 'Op of the column. The jacb were

a.nchored t.o ilie sU'oug floor by Steel rods lIS shown in Figures 5.2 &J:1<l 5.4. The

e.ppbed axial load satlS5ee: Ca!UallI requim:nenu fox 10% of the column's concrete

stren&th based 011 the oripW desit;n sr.~ of 3250 psi. Both the shear IUld lap

&ptioe enh.B.neement circu1af columns were loaded .nth 14:i kiJ- of axial 10M. The

rectangulal" lap splice en.hanoemetlt columns _e loaded with 187 kij:C of axial load.

The rectangular shea:r columns ..ere loaded with 152 kiJ- of axial load.
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5.3 Testing Procedure

5.3.1 Data Acquisition

Data from the load cell, the string potentiometers, and the stram gages were recorded

using a computer program, "WorkbenchM&C, Versi01l 3.1~ [Strawberry Tree Inc.J.

Data from a..ll sources were logged at 5 readings per second throughout each load

level of the test.

5.3.2 Loading Regime

Table 5.5: Loading Regime for All Test ColumllS

Load (kips) Displacement (in) No. of Cycles
0,25H~ 3
O.50H~ 3
0,75H~ 3
l.OOH~ ~, 3

l.OL\.~ 3
1.5ll.. 3
2.0ll.. 3
30ll.. 3
40ll.. 3
5.0ll.~ 3
6.0L\.. 3

The column is first loaded with all ax"u load as prescribed in Section 5.2.3.

The first four le\"els of the test are applied usmg latera.! load control, as per Ca.!

trans guidelines, given in Table 5.5, The test is stopped at the calculated first yield

lllteralload. The yield displacement, ll.., is determined from
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where ~J is the average of the measured displacements corresponding to the first yield

lateral load capacity, H), in the push and pull directions, and H; is the ideal flexural

lateral load capacity. The reutainder of the test is performed lJ8ing displacement

control in multiples of 6), as shown in Table 5.5. This loading regime was followed

closely for each column testing.
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Chapter 6

EXPERIMENTAL RESULTS

6.1 Column Behavior

6.1.1 Shear Enhancement Circular Columns

A&-built Columns

For the first as-built column (CS-I), it was found that at ductility 1, with a lateral

load of H = 103 kips. sh"'ar cracking at an ll.llgle of 30" occured until the column

<;Quid no longer carry a lateral1oad. For the second as-built column (GS-2), it was

found that at ductility 0.9. "'ith a lateral load of H = 88.56 kips, sheu.r cracking at

an angle of 30" occured umil the column could no longer carry a lateral load. This

may be seen in Figure 61.
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7I



Retrofitted Columns

The first two retrofitted shear enhancement colllIlUlB (C5-2 &: C5-3) behaved similarly.

At ductility 3, cracking sounds were heard. The colllIlUlB reached their maximum load

carrying capacity at ductilit), 4. Each continued to carry 80% of their maximum lat

eral load until about ductility 10. This may be seen in load-displacement plots in

Figures F.2 and F.3 in the appendix.

For specimen C5-5, it was found that at ductility 2, cracking sounds were heard.

The columu reached its maximum lateral load carrying capacity at ductility 3.2. It

continued to carry 80% of its maximum Ia.teralload until about ductility 5. This may

be seen in load-displacement plots in Figure F.4 in the appendix.

It is apparent that neither of the jacketed columns failed in shear, but rather in

extreme concrete crushing within the plastic hinge regions. The composite jackets

showed no signs of tensile failure.
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Figure 6.2 Failult of RetmfinM Shear Enhancement Circular Column
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8.1.2 Lap Splice Enhancement Circular Columns

As-built Column

At ductility 2, with a Lateral load of H = 36 kips, wrtical concrete cracking occured in

the bottom IS" of the column. Thil; is apparently due to the lap splice failing, causing

the concrete to spalL This may be seen in Figure 6.3 a.nd the load-displacement plot

shown in Figure F.4 in the appendix.

Figure 6.3: Failure of As-built Lap Splice Enhancement Cin:ular Column
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Retrofitted Columns

The retrofitted lap splice enhancement circular columns did not behave similarl}', The

two columna CF-3 and CF-4 performed differently than the other colulIlIl5 tested as

a result of under-.design. At ductility 2, cracking sounds were heard. At ductility

3, the columna reached their maximum lateral loads of H = 36 kips. At this point,

the concrete at the base of the column began to crush. The columns continued to

carry 80% of their maximum lateral load until ductility 5. This may be seen in the

lood-displa<;(!ment plots in Figures F.5 to F.6.

The column CF-8 also performed differently than the other columna tested as a re

5ult of a fabrication flaw. At ductility 2, cracking sounds were heard. At ductility

3, the column reached its maximum lateral load of H = 37 kips. At this point, the

column rapidly lost its lateral load carrring capacity. This may be seen in the load

displacement plot in Figure F.9.

The remainder of the columns behaved similar to each other. At ductility 2, crack

ing sounds were heard. AI ductilit.'· 4. the columns reached their maximum lateral

load of H = 43 kips. AI Ihi!; point. the concrete at the base of the column began

to crush. The columns continu~d to carr\" 80% of their maximum lateral load un

Iii ductihtr 6. Thi5 may be seen in the load-displacement plots in Figures F.B to F.12.

It is apparent that all of the jackeTed columns failed due to lap splice slippage. The

composite jackets showed no signs of tensile failure. This is ,mown in Figure 6.4.
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6.1.3 Lap Splice Enhancement Rectangular Columns

As-built Column

At duetiliq- 0.5, with a lauraI Jo.d of H = 521cip5,\~ coneute crvlciDI~

in the bottom. 18" of the column. This is apparently due to the lap spli<:e faihnl, callS

1"1 the concrete to spall This may be aeen in Figure 6.5 and the kl&d-displacement

plot in Figure F.13.

, .

----,

-
figurf' 6.5: Failurf' of As-built Lap Splice Enhancement R«tangWa:r Column
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Retro6tted Columns

Each of columns RF.2, RF·3, ILlId RF-6 behaved similarly. At ductility 1, the columns

reached a lateral load capacity of about 70 kips, at which time, the lap splices failed.

This may be seen in the load-disp~wentplot iII Figures F.14, F.15, and F_17.

FOr colwnn RF-5, it was found that at ductility 1.7, it reached II- lateral load ca-

pacity of 81 kips, at which time, the lap splice failed. This way be seen in the

load-displacement plot in Figure F.16.

It is appa.r<lnt that each of the jack£!ted columns failed due to lap spliC\! slippage.

The composite ja.ckets showed no signs of tensile failure. This failure is shown in

Figure 6.6.

Figure 6_6- Failure of Retrofitted Lap Sphce Enhancement Rectangular Column
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6.1.4 Shear Enhancement Rectangular Columns

~built Column

Durin« the first. cycle of the third Io.d 1eYe., at ductilit)" 1, witb a lateral load of

H = 60 kips, shear end-Hlg at u Mll:1e of 30" oa:ured until tbe eoIumn could DO

klnger cany a l&tBaI. load. nus may be 8een In Figure 6.7 ud the~m

plot In Figure F.16.

Figure 6.7: Failure of As-built Shear Enhaneement ReetanguIar Column
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Retrofitted Columns

Each of the shear enhancement rect&ngu1Br oohw:ms behaved similarly. At ductility

Ui, cracking sounds "Were heard. At ductility 3, the j&dtet began to dilate within

the plllStic hinge regions, in the top and bottom 8" of the columns. ThiB dilation

continued through the remainder of the test. The columns reached their maximum

load carrying capacity at about ductility 3. They continued to carry 80% of their

maximum lateral load up to ductility 6. This may be seen in load-dillplacement plots

in Figures F.17 to F.22.

It is apparent that none of the jacketed columns failed in shear, but rather in extreme

concrete crushing within the plastic hinge regions. The compo5ite jackets showad no

signs of tensile failure. This failure is shown in Figure 6.8.

Figure 6.8: Failure of Retrofitted Shear Enhancement Rectangular Column
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Table 6.1: Column Failure Modes

H. (kip) Faillln! Mode

CiTcular Shear Enhancement ColWDI15
A.built CS-l 103.05 Sho. .
Specimen CS-3 114.85 Concrete Cro!;bing
Specimen cs-Z 118.63 Concrete CnJSbing
A.huilt CS-4 8888 Sh_
Specimen CS-t> 123.11 Concrete CnJSbinll:
CiTcuiar up Splice Enhancement ColWDI15
A.buih CF·2 88.79 Lap Splice Slip¢n3
Specimen CF-4 36.27 Lap Splice Slipping
Specimen CF-3 <0.88 Lap Splice Slip¢n3
A.built CF-1 36.88 Lap Splice Slipping
Specimen CF-6 ".08 Lap Splice Slipping
Specimen CF-8 37.76 Lap Splice Slipping
Specimen CF-5 ".. Lap Splice Slipping
Specimen CF-9 44.41 Lap Splice Slippinll
Specimen CF-7 ".88 LAp Splice SlippillJl:

RectanltUlar Lap Splice Enhancement Columns
A.buih RF_1 52.67 LAp Splice Slippinll
Specimen RF·3 70.74 LAp Splice Slipping
SpKimen RF_2 71.00 LAp Splice Slipping
Specim~n RF·t> 81.87 Lap Splice Slipping
Sp<'<:imen RF-6 73.37 Lap Splice Slipping

Rec1811~lar She...- Enhan«ment Columns
As-built R$.1 59.89 Shear
SJ>f'<'Il11Pn R$.~ 135.10 Concreu CrWlbing
SJ>f'<'imcn RS-2 130.78 Conc~e CrWlhing
Spec,men RS-3 131.25 Concrete Crushing
SpPClmen RS-5 137.82 Concr<!te CrWlhing
SpPCiml"n RS-6 I~O.29 Concrete CrWlhing
SpP<"hllPn RS·' 13399 Concrele CnJShing
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6.2 Data Analysis

6.2.1 Displacement Profile

Data obt&ined from the string potentiometers are plotted against the column height

for each load level to obtain tbe moximum column profile for each cycle of loading os

shown iII. Appendix F.

6.2.2 Force-Displacement Relationships

Throughout the test, data are collected for the lateral load versus top displa.cement.

Strain gagE:5located on the load ~ll indicated the lateral load on the column. A string

potentiometer located at the top of the colultLll recorded the lateral di5placement of

the column. Data obtained from these records are plotted in AppendiJr; G.

From these data, a load-displocement envelope may be obtained for each column.

These enn~lopes are plotted in comparison to other columns in Figures 6.9 to 6.12.
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6.2.3 Strain Gage Analysis

Data obtained from the strain gages are logged in the form of voltage \lLlues, E~, and

converted to strain using the equation

, 4E.
v x GF x gain x mult

(6.1)

where V ill the voltage of tbe p<l\\~r supply, GF ill the gage factor of 2.09 for surface

gages, and 2.085 for interior strain gages. Gain Wld mult are the gain and multipli

cation settings of the conditioner which were set at 1.5 and 200, respectively.
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6.3 Displacement Ductility

Thea~ collllllIl displacemellt, a, is fowld from the data files at a load Jeve.I, H,

Withui the elastic zone, The~ yield disp1aef!lnent,~ is then obtamed as follooo,'l';

(6.2)

The lateral load carrying e-panty of the colum.o. dropped mpificantiy after displace

ment ~. The dlsplacement ductility, 1Jt>., is thee found to be

(6.3)

These \'lllues are calculated all i!howu in Table 6.2.



Table 6.2: Experimental Evaluation of Column Ductility

H, (lcip) H (kip) .6. (in) (in) a,. (in) ••
Circul.... Shear Enhancement ColumIIS
As.-built CS-I 100.50 7J.7:> 0.114 0.281 0.263 09
SpeciWeD CS-J 104.60 74.00 0082 0.293 2.903 10.1
Specimen CS-2 1()-I.18 74.00 0."'" 0.299 3.249 10.9
As.-built CS-4 122.50 88.06 0.:>49 0.7:>9 0.888 0.9
Specimen CS-:> 136.09 "50 0.613 0.883 4.:>49 5.2
Cir<:ul.... Lap Spilce Enha.ncement Columns
AJl--built CF.2 33.88 24.60 0.888 1.167 2.3:>1 20
SpecimeD CF·4 3<33 24.70 1020 1.418 7883 5.'
Specimen CF.J 34.27 24.70 0.880 1.221 7.746 '.3
A...built CF-l 3383 24.60 0.782 1.076 2'" 25
SpecimeD CF-6 3449 25.08 0_813 LlI8 7.790 7.0
Specimen CF-8 3:>.1:> 2-4.67 0.742 1.OS7 '.03< 3'
Specimen CF-:> 3:>.00 2-1.17 0.71:> 1035 5.921 5.7
Spedmen CF-9 3515 24.67 0880 1m 7.397 '0
Specimen CF·7 34.:>3 25.50 1.017 1.3n ..'" ,.,
RectangullU" Lap Sphr<' Enhancement Columns
As-built RF·I ,8,99 :>2.00 1383 2,070 1.398 0,7
Specimen RF·3 851G 1'>200 Ull 1.983 2.422 12
Specimen RF-2 8764 5'-42 1562 2.38< 2.278 10
Specimen RF·5 89.25 1'>9.50 1.373 2," 4.76:> 23
Specimen RF_6 86.74 5,.33 1565 2,367 3.637 15
RectangullU" Shear Enhancement Columns
As-built RS-I 11804 41.03 0116 0.33< O.J25 10
Specimen RS-4 13250 8800 0.226 0.J41 2.387 7.0
Specimen RS-2 130.68 8800 OAti 0.619 3606 5'
Spec,men RS-3 131.00 "." 0.'" 0.698 '.300 '2
Specimen RS-5 lJ2.99 8800 0.1'>31 0.743 H23 ,.,
Specimen RS-6 1340-1 "" 0602 065< 4.248 50
Spe<:lmen RS-, 134.{).l "50 0.617 0.875 3.'" ••
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6.4 Interpretation of Strain Gage Analysis

6.4.1 Shear Enhancement Circular Columns

As-built Column

Observations are made for the llS-built eolumu from the strain gage analysis. The

surface strain gages measured strains of about f = 0.0005. The trRllS\'erse steel did

not reach a strain corresponding to steel yielding. The longitudinal steel reached

straiIl!l of about ~ = 0.002 at the base of the column aud f = 0.004 at the top of

the column, larger thau the yield strain of the steel (fr = 0.OC1l5). These results

correspond to the expected column performance.

Retrofitted Columns

Observations are also made for the retrofitted columllB from the strain gage analysis.

The surface of the column de'o'eloped lateral strains in excess of fj = 0.003, but not

greater than the allowed jacket strain of t 1 = 0.004. The transverse steel at the top

aud bottom of the column reached strains in excess of ~r = 0.0016 corresponding to

steel yielding The longitudinal steel reached strains of f = 0.006, much larger than

the ~·leld stain of the steel (t~ = 0.0015) but less than the ultimate strain of the steel

(to = 0.12). These results correspond to the expected column performance.

6.4.2 Lap Splice Enhancement Circular Columns

As-built Column

O~rvatiolls are made for the as-built column from the strain gage analysis. The

surface strain gages measured strains of about { = 0.0005. The transverse steel

reached strains of about { = 0.c~1 corresponding to steel yielding. The longitudinal
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steel reached strains of about f = 0.0025, larger than the yield strain of the steel

(f~ = 0.0015). The longitudinal steel starter bars reached strains of about f = 0.£106,

muclliarger than the yield strain of the steel (fy = 0.0015). These results correspond

to the expected column performance.

Retrofitted Columns

Ob6ervations are also made for the retrofitted column from the strain gage analysis.

The surface of the column developed transverse strains of fj = 0.0008, but not greater

than the allowed jacket strain of tj = 0.001. The traruweJ1ll' steel at the bottom of the

column reached strains of t~ = 0.001, indicating steel yielding. The longitudinal steel

reached strains of ( = 0.003. larger than the yield strain of the steel (t¥ = 0.(015) but

less than the ultimate strain of the steel «" = 0.12). The longitudinal steel starter

bars reached strains in excess of f = 0.006, also larger than the yield strain of the

steel ((¥ = 0.(015) but less than the ultimate strain of the steel (f" = 0.12). These

results correspond to the expected column performance.

6.4.3 Lap Splice Enhancement Rectangular Columns

As-built Column

Observatlons are made for the as-built column from the strain gage analysis. The

surface strain gages measured negligible strains In the bOrlzontal direction, but strains

of about f = 0.001 in the vertical direction. The transverse steel had negligible steel

strains. The longitudinal steel as well lI-~ the starter bars reached strains of about

( = 0004. larger than the yield strain of the steel (f¥ = 0.(02). These results

correspond to the expected column performance.
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Retrofitted Columns

Obseova.tions are also made for the retrofitted columns from the strain gage analysis.

The surface of the column developed trlWSYerse strains of f J _ 0,0Cl09, but not greater

than the a.ll0"'~ jacket strain of fj = O.CXH. The trlWSverse steel at the baae of the

colUIIln reac.hed strains of f. = 0.001, indicating steel yielding. The longitudinal steel

reached strains of f = 0.003, larger than the yield strain of the steel (f. = 0.(02) but

less than the ultimate strain of the steel (4 = 0.12). The longitudinal steel starter

bars reac.hed strains of, = 0.002, near to the yield strain of the steel (f. = 0.(02)

and less than the ultimate strain of the steel (f~ = 0.12). These results correspond

to the expected column performance,

6.4.4 Shear Enhancement Rectangular Columns

As-built Column

Observations are mad." for the as·huilt column from the strain gage analysis, The

surfacl" strain gages mea.surro negligible strains. probably as a result of gage failure

dul" to surface cracking Thl" trallS\<'rse steel did not reach a strain corresponding to

Hteel pelding. The longitudmal st('l"l reachro strains of about f = 0.0025, larger than

th.. y,eld 5tram of th... M""l (r. = 00015) Thes<' results correspond to the expected

rolumn performance.

Retrofitted Columns

Observatton5 are also made for the retrofitted columns from the strain gage analysis.

The surface of the column developed lateral strains in excess of f) = 0.003, but not

greater than the allowed jacket strain of f) = 0.004. The transverse steel at the top



and bottom of the column reached strains in excpss of (, = 0.0016 corresponding to

steel yielding. The longitudinal steel rea.ehed strains of ( = 0.005, much l8.l"ger than

the yield strain of the steel ((~ = 0.(015) but 1eB5 thlUl the ultimate strain of the steel

((. = 0.12). These results correspond to the expected column performance.
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Chapter 7

SUMMARY OF FINDINGS

1.1 Conclusions

By testing multiple similar columns retrofitted with adVllJ.lcOO compooite material

jackets, it may be concluded that:

• Advanced compooite jacket retrofit systems can significantly enhance the due

tilit~· of old cireular and rectangular bridge columns with insufficient shear re

inforcement.

• Advanced composite jacket retrofit systems Can significantly enhance the duc

tility of old circular bridge columns ",ith lap splices in the plastic hinge region.

• The performance of ad,-anced composite jacket systems can be predicted by a

standard analysIs 1lSlllg eqlllvaleot steel hoops and a moment-curvature analysis.

• The lateral stiffness of thp columns is not affected by the composite jackets

contrary to steel jackets which alter the lateral stillness, and consequently, the

bridge d\'namic characteristics.

• Under the design procedure reported in this document, the rectangular compos

ite Jacket cannot develop the strength necessary to inhibit lap splice slippage in
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rectangular columns.

• Fabrication and application of the composite jacket systems must be carefully

controlled in order for the jacket to achieve the nec: ary oon6ning strength as

\',.as demonstrated in specimen CF-8.

7.2 Proposed Future Investigations

Future testing is required to study the following issues:

• The confinement effecti~ness coefficient, K., must be developed further. There

are many variables which may affect tbe confinement effectiveness of the com

posite jacket, including the bonwug of the compollite jacket to the column sur

face, the strength of the concrete, and the shape and siu of the column CI'06S

section.

• An analytical mod!'1 must be developed which would relate the extreme fiber

concrete strain. r<. 10 Ibe lateral strain in tbe composite jacket fi. This model

should take into consideration the jacket thickness, the elastie rnodulU5 of the

jacket, and the cross !iection of the oolumn. It will then be possible to model

the confinement pro'·ided b~· tht' oomposite jacket at each step of a moment

curvature anah·sis

• Further testing must be p.erformed on re.:tangular lap splice columns U5ing

'"lInOns oomposl1e jacket designs. One possible design would be an elliptical

jacket with rigId lIl.';erlS wIthin the plastic hinge region.
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Nomenclature

A., equivalent tr8JlSverse steelll.le& of the jacloot
A. tr8JlSnm;e steel area witbiu a section of depth $

A. ~ c:roBll sectional area of the tranBVeI1le steel

A. ~ effective area in shear equaJ to O.8Ag.-.
b ~ width of the colunw CI'055 geCtion, ~ depth of the compression hlock
d., ~ nominal diameter of the longitudinal rein.forcement
~ ~ center to center depth of transverse rein.forcement
d ~ depth of the colunw CI'OS5 lleCtion
~, ~ lateral displacement at fin;t yield
~, ~ pla5tic displacement
~. ultimate displacement

~. ideallied yield displacement
E, - e1a5tic modulus of the composite jacket
E. - Young's modulus of the trll.Dllnm;e reinforcement
,~ ~ ultimate .strain in the concrete at confinement failure..., ~ concrete .strain at composite jacket failure

'- ~ concrete strain at tr8JlSverse .steel failure

" jacket design strain
,~ ~ ultimate strain of the longitudinal colunw steel
<oj ~ expected maximum strain in the composite jacket

I: ~ actual concrete strength

I~ ~ confined concrete compressl\"e strength

I; ~ o\"erall lateral confinement

1<, lateral confining pressure by the composite jacket

I" lateral confininf:, pressure by the transverse reinforcement

I. ~ yield stress of the longitudinal reinforcement

I" ~ yield stress of rranS\"erse steel

I., ~ ultimate strength of the composite jacket

I, stress in the Jarket corresponding to a jacket strain

H. lateral load capacIty at column yield

" - half the height of the column

h. ~ effective column height for half of the column
K ~ confinement effectiwnes:s coefficient•
k ~ concrete shear stength coefficient
L, ~ equivalent pla5tic hlllge length

M. ~ yield moment
.\1, ideal moment
.\Iv ~ ultimate moment
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'" ~ displacement ductility
N' ~ required number of oompOl'lite jacket layers
N ~ number of composite jacket layers
P ~ applied axial load, ~ confinement pressure provided by the jacket., - first yield curvature

" ~ ideal yield curvature

•• ~ ultimate CUf'.'llture

Poj ~ volumetric ratio of the composite ja.cket

P. ~ volumetric ratio of oouiinement !!teel
P. ~ confinement steel ratio in the stroDg direction

"
~ confinement 5t~1 ratio in the _ak direction

i ~ equivalent steel tr8J\S\'el'!le reinfo~mentspacing, ~ tTamlVl'TSe reinforcement spacing.. ~ angle of shear crsek with respect to the vertical axis

'. ~ p1alltic rotation

"
~ required thickness of the jacket,

"
~ thickness of one layer of oomp<J6ite jacket material

V' ~ overall column shear strength

V. ~ shear strength due to concrete
v"j ~ shear strength due to oompOl'lite jacket
V. ~ shear strength due to lateral steel
V. ~ shear strength due to axial load
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Appendix A

COMPOSITE JACKET
APPLICATION

A.I Shear Enhancement Circular Columns
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Figure A.I: Compo,me Jaeket for Shear Enhancement Circular Column CS-3
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FIgUre A2 Jacket ApplicatIOn for Shear Enhancement Circular Column C5-3
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Figure A.3, ComposIte Jacket for Shear Enhancement Circular Column CS-2
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Figun' .-\.4; Jacket .~pplication for Shear Enhancement Circular Column CS-2
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Figure A.5: Comp(llSite Jacket for Shear Enha.ncement Circular Column CS-5
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Flgull' A6 Jackel Apphcatlon for Shear Enhancement Circular Column C5-S
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A.2 Lap Splice Enhancement Circular Columns
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FJgure A.7: (;Qmposite Jacket for Lap Splice Enhancement Circular (;Qlumn CF-4
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FIgure A.S: Composite Jacket for Lap Splice Enhancement Circular ColuUUl CF-3
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Figur.. A.9 Jacket Application for Lap Splict' Enhanct'ment Circular Column CF-3

108



•
• •

•• •
· .

•

.' .
•

'.
• •

7
Nonplnstic
Hinge Zone

,
·. ·.

• '. ,
.'• •

.' ..
2

Trnnsitional
Zone = lD

•
•

•
•

3•
Plastic
Zone =

"I E3-pp~ass
Hinge. i
LSD i !

~--,_ "~'.Cl._---.J

3

•. . ••
·.

• ,
•

•.. . • •

Figurt' A.to: Compl:lSlte Jacket for Lap Splice Enhancement Circular Column CF-6
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F,gure A,I1, Jacket Application for Lap Splice Enhancement Circular Column CF-6
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F'gurl' A 12 Compo:sJl~ Jacket for Lap Splice Enhancement Circular ColulIUl CF~8
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Figure .11,.13: Jacket Application for Lap Splice Enhancement Circular Column CF-8
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Figure A.14. Composite Jacket for Lap SpliC<! EnhanC<!ment Circular Golul1UI CF-5
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Figure A.1S: Jacket Application for Lap Splice Enhancement Circular Column CF·S
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FIgure. ,16: Compooi e Jacke [0 Lap Splice Enhancement Circular lumn CF-9
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FIg;llr A.17: Com o~lte Jacket for Lap Sphcf' llhano men CirculHf Column CF-7
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Fll!;Ur.. A 18 Jacket AppllCll.ll011 for Lap Sp!l~ Enhancement Circular Column CF-i
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A.3 Lap Splice Enhancement Rectangular Columns
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Figure .'\.19: Composite Jacket for Lap Spli~ Enhancement Rectangular Column
RF-3
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Figure A.20: Composite Jacket for Lap Splice Enhancement Rectangular Column
RF·2
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F'gIllf' A~ ComposJtt' JackL-t for Lap Splice Enh.ancemeut~ Column
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FIjl;\Irr 11.23: Jacbot Apphc>l.IIOII ror l>t.p Splino Enbaooeme:tlt Rectangular Column
BF-S
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Figurt' A.24: Composite Jacket for Lap Splice Enhancement Rectangular Column
RH
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A.4 Shear Enhancement Rectangular Columns
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Figure A.25: Composite Jacket for Shear Enhancement Rectangular Column RS-4
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Flgur~ A.26: Compa'lJll:' Jacket for Sbear Enllancement RectaDgulu Column RS-2
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Fl;ur~ .J, 27 Jacket ApphcallOIl for Sbl'M Enhancement Rectangular Column R$-2
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9 " Replork 30
6 Layers

Figurt' A.28: Compooite Ja~ket for Shear Enhancement Rectangular ColUIDD RS-3
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figure A 29- Jackel Application for Shear Enhancement R.ectanguIa.- Column RS-J
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Figure A 30: Compoolte Jacket for Shear EnhanCt!rnent Re<:tangular Column RS-5
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Figure A.31: Jacket Application for Shear Enhancement Rectangular Colnmn RS-5
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Figure A.32: CompQKlte JlLCket for Shear Enhancement Rectangular Column RS-6
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Figure A33: Composite Jacket for Shear Enhancement Rectangular Column RS-7
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Appendix B

MOMENT-CURVATURE
ANALYSES

B.l Shear Enhancement Circular Columns
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Table 8.1: Output Data for As-built Shea.r Elllllw~meDt Circular ColuwD CS-l

"'" ~ y.....A.(;n) Curvatute 4> Moment(K-ft) Comm",.
1 0,00016 8." 0.000008 "2 0.00018 -7.01 01100009 "3 O.l1OO2O .5.57 0.000011 ", 0.00022 -4.37 0.000013 ", 0.00024 -3.26 0.000016 8J
6 O.l1OO26 -2.30 0.000018 91
7 O.l1OO2O -1.49 0.00J022 100
8 0.00032 ".72 Olllll102b 109, 0.l)l(l36 -0.10 Ooo<xoo "0
10 0.00039 0 .. OOOOO:U 131
11 0000« 1.01 O.lXllXKll "3

" 0.00048 1.44 0.000l)46 1;7
13 0.000.'i3 1-82 0.0lXXl52 172

" 0.00059 2.16 000000l 189

" 0.0lXl65 '.;0 0.00Cl069 207
16 000072 2.74 0.000078 '"17 0.00080 2.98 0000088 2;0
16 0.lllll181l 3.17 0.000100 ",

19 0.00097 336 0.000113 301 8eRin Yield of Steel
20 0.00108 3." 0.000129 320
21 0.00119 3.94 0.000148 337
22 0.00132 4.27 0.0001 iO '"23 0.00145 4.61 0.000197 361

" 0.00161 4.94 0.000228 370

" 0.00178 5.23 Ol1Oll2<3 379

" 0.00196 552 O.llOOOil3 3SO
0- 0.00217 5.76 0.000348 392-'
" 0.00240 5.95 0.000397 3%
29 0.00265 13.10 O.OOO4SO '00
30 0.00293 62-1 0.000509 '"31 000324 636 0.(l()()578 "3
32 000359 653 0.000655 '"J3 0,00396 662 0.000737 'In
• 0,00400 6,62 0.000745 '"' Ideal Yield of Steel

" 0.00438 6.67 0,000823 '"'" 0.00484 6.67 0.000909 "3
36 0.ClO.'iJ6 6.67 0.00100.'i "I37 0.00592 6.67 0.001111 391
• 0.00643 6.60 0,001189 399 Tran""rse Steel Failure

~ Values b,· linear interpolation based On COncre"" strains, 'c. calculated in Section 4.4.3.
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Tbl B Ou• , .2: tput Data for Shear Enhancement Circular Column CS-2

S"'" •• IIN.A.(;") Curv&ture If> Momellt(K-ft) Commellts, 0.00030 -1.ll6 0.000023 "", 0.00033 -0.38 0.000027 '", 0.00037 0.24 0.000031 '"• 0.00041 0.77 0000036 '", 0.000<0 1.25 0.00J042 '", 0."""" '" 0.""""" '", 000>60 '02 0.lXXlO55 '"8 0.00061 '.36 0000063 '", 0.00067 '" O.lXXlO72 '"W 0,00074 '.88 0.000081 '36
U 0.00082 3.07 0.000092 '"" 0."""" 3.26 0,000104 '"" 0.00100 3.50 0.0001l8 '" Begin Yield of Steel

" 0.00103 3.55 0,000122 '"" 0.00114 ,.'" 0.000140 '"" 0.00126 4.18 0.000161 3<3

" 0.00139 4.46 0.000185 368

" 0.00154 '.80 0,000214 368

" 0.00170 5.14 0000248 37<
20 0.00188 '.38 0.000284 368

" 0.00208 5.71 0000331 38'
22 0.00230 5.95 0,000381 '"23 0.00254 6.1~ 0000434 399

" 0.00281 6.29 0.000492 "",- 0.00311 6.~8 0.000563 ""-,
26 0.00344 6.6. 0.1XlO645 ~IO

27 0.00380 6.82 0000733 m
Z8 0,00-t20 6."' 0,000834 m

" 0,00-t64 1.06 0000939 '"• 0,00500 7.13 0001027 ~i7 Ideal Yield of Steel
30 0.00513 I 15 0001059 ~i7

• 0.00546 1.18 0.0011J.l '" Tran,-ene Steel FAilu~

3L 0.00568 7.20 0001183 '"" 0.00628 7.20 0.001301 '"33 0.00694 7,20 0001445 ""3L 0.00767 7.20 0.001598 99O
36 0.00848 7.20 0.001766 ."
30 0.00937 7.15 0.001933 ."
" 001036 7,10 0002116 '"38 001146 7.06 0,002317 '"'39 001266 7.01 0002537 467

" 0.01400 6.91 0.002752 '" :\1aximum Concrete Strllin

" Valu,"", by linear interpolation based on concrete .trAill•• ' •. calculated ill Seetion 4.4.3.
m



Table B.3: Output Data. for Shear Enhancement Cir<;ular Column CS-3

s~, 0 flN.A..(in) CW'VlOtun .. Moment(K-ft) Comments
1 0.00029 -1.20 0.""'" un, 0.00032 ..... 0.000026 U2
3 O.lJOO3O 0.14 0.000030 '", 000029 0.72 0.0C00J5 ".
3 0.00043 1.20 0.000040 146, O.llOO48 1.63 0.000046 101, 0.1)(X)53 2.02 0.00Cl0S3 '"8 0.OOOS9 '.30 0.1100060 '", O.llOO6O '.64 0.000069 210
10 0.00072 '.88 0.000078 231
11 0.00079 3.07 0.000089 '"" 0.00087 3.31 0.000101 278

" 0.00097 3.:;0 0.000114 303 Begin Yield of Steel

" 0.l1lXl99 3.55 0.000118 308

" O.ClOUO 3.64 0.000135 323
16 0.00122 4.13 0.0001:>4 3<1

" 0.00134 4.46 0.000178 333
16 0.00149 4.75 O.lXX1203 308
19 0.00164 '" 0.00Cl238 '"20 0.00182 '.38 O.OOCl274 '"21 0.00201 3.68 0.000317 391

" 0.00222 5.95 0.000367 393
23 0.00245 6.14 0.000419 '00

" 0.00271 6.34 0.000·H9 ...
23 000300 6.53 0.OOOS48 ""26 0.00331 6.72 0.000628 "",- 0.00366 '68 0.000713 412_.
28 0,00405 7.01 0.000812 m
29 0,OOH8 7,10 0.000915 <I'
30 0,00495 7,20 0,001031 '16. 000500 720 0001().l3 <18 Ide&! Yield of Steel

• 0.00542 725 0001141 422 Tranvw;e Steel Failure
31 0.00547 7.25 0001152 422
32 0.00605 7.30 0,001286 '"33 0.00669 7.30 0.001422 '"" 0.00740 7.30 0.001512 """ 0.00818 7.25 0.001720 '"36 000904 7.25 0.001902 ."
37 0,00999 720 0.002082 '01
38 0.Ql105 7.15 0.002278 "3
39 0,01221 7,10 0.002494 468

" 001350 701 0002704 '" MlI.Ximum Concrete Strain

T Values b.\' linear interpolation based on conc_e straina, ~, calculated in Section 4.4.3.
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Table 8 4' Output Data for As-built Shear Enhancement Circular ColuUUl 05-4

Su, <, IIN.A.. Curvature ,p Mome:nt(K-ft) Comments, 0.0001 -29.47 0000002 ", 0.00011 -22.~ 0.000003 ", 0.00012 ~16.8 0.000003 "• 0.00014 -" 0.""'" 38, 0.00015 _11.47 0.""'" "6 0.00017 -9.41 0""'" ", 0.00018 -7.68 0.000009 "8 0."'" -6.19 OO11סס.0 "9 000022 49 OO13סס.0 "" 0.00025 -3.74 OO16סס.0 83

" 0.00027 -2.74 0.00lI019 "" 00003 -\.87 0.000022 '"" 0.00033 -1.06 0.000026 '"U 000022 -038 0"""' '"" 0.00041 0.24 0."""'" '"" 0000<5 on 00000< U,

" 0.""" " 0.llOOO46 '00

" 0""" '83 0.000053 m

" 0.00061 '02 0.000061 '"20 0.00067 '.3 0.000069 '"" 0.00074 2.59 OO79סס.0 23L

" 0.00082 283 000009 ".
23 0.00091 '.02 0.000101 279

" 0.001 3.22 0.000114 '0'

" 0.001l1 3.41 0.000129 33;
26 0.00123 '5 0.000145 369
O' 0.00136 3.7 0000163 39; Begin Yield of Steel-,
28 0.0015 ,... 0.000186 US
29 0.00166 418 0.000212 '36
30 0.00183 4,46 0.000243 ""3L 0.00203 47 0.000278 '"" 0.0Cl224 ... 0000318 m
33 0.00248 5.14 0.0CKl361 ."
" 0.00274 533 0000411 <89
3S 0.00003 5.52 0000467 '00
3S 0,00335 5,62 0,000524 '"" 00037 'SO 0."""" ...
• 00<» 5.; 0.000636 ... Ideal Yield of Steel

38 0.00409 5.71 0.0006:i1 ...
39 0.00452 5.7l 0.000719 ...
" 0.000 5.57 0.000777 '"- 0.00M3 5.44 0.000829 '" TIanswrse Steel Failure

• Value- by linear int.erpolation based 011 ooocrete strains, ~.. calculated in Section 4.4.3.
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Table 8.5: Output Data for Shear Enhancement Cireular Column CS-5

s~, '< Cu.....atun. tiJ Moment(K-ft) Comments/IN.A., 0.00029 '" 0.000022 "", 0.00032 .. " 0.000026 no, 0.00035 0.14 0.000030 '"• 0.00039 0.67 0.1XXXl35 '", 0.00043 1.20 0.0000<0 '", 0.00048 1.63 0.00Cl046 '"7 0.00053 '.02 0.000053 U", 0.lXX>59 2.35 0.lXXXl61 "7, 0.""" 2.64 O.lXXXl69 '"" 0.00072 2.93 OO79סס.0 237
H 0.00079 3.12 0.000089 '"" 0.00087 3.36 0.000101 286

" 0.00097 '" 0.000114 314
14 0.00107 3.65 0.000128 3"

" 0.00118 3.79 0.000144 378 Begin Yield of S_1

" 0.00131 3.98 0.000163 ..
" 0.(XH44 4.22 0.000186 '"" 0.00160 4.51 0.000213 ."
" 0.00176 '.80 0.000245 ""20 0.00195 '09 0.000282 '"" 0.00216 '" 0.000323 '"" 0.00238 5.57 0.000371 '"23 000264 '" 0.000429 """ 0,00291 6,10 0.000~93 ",,. 0.00322 62~ 0000559 '".,
20 0.00356 6.38 000063~ '",. 0.00394 6.~8 0.000713 527.'

" 0.00-135 6.58 0"""'" ".
29 0.~81 6.67 0000903 '"• 0.00.10O 669 O.0009~2 '" Ideal Yield of 5_1

'" 000532 5,/:! 0.001007 "0

· 000535 672 O.OOIOD '" Tran'-enMl 5_1 Failun.

" 000588 6,72 O.ooIID ,o.
32 000650 5,/:! 0.001231 '"J3 0.00718 6,67 0,0013~9 574
J3 0.0079~ 6.67 000H91 576

" 0.00878 6.58 0.001619 '"3G 0,1Xl971 6.53 0.001;;4 '"'37 0010n 6.43 0.001927 '"
" 001186 6,34 0.002095 '"39 0.01312 629 000Z296 '"" 001450 6,14 0.OCYJ~76 '" Maximum Concrete Strain

• Vaiu"" b,' linear interpol..tion based On concrete strai"", €" calculated in Section 4,4,3
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B.2 Lap Splice Enhancement Circular Columns
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able B.6: Output Data for As-built Lap Splice Enhancement Circular ColumD CF-

S... ~ liN"'" (I") ~1m!" Moment(K-l\) Commenu

• 0.CDl16 ...'" 0000Clll8 ", o.CDl18 ".67 O.CKOlO9 ..
3 ..... -s.'" O.<Xnlll 69
4 .""" ".08 0.<Xnl13 ", 0.00024 ".02 0.<Xnl16 "• 0.""" -2.11 O.<XnlUI 93
7 0.""" ••.30 0,((.0022 .02, 0."'"' ~.58 0.lXXXl'26 m, 0.00036 0.05 0.000ll30 '".. 000039 0.67 O.lXOm "3
u OOסס.0 1.10 0.""'" ...
" 0.00048 '.58 0.000048 '"" 0.00053 1.97 0000053 '".. 0.00059 2.>, 0.000061 '"" 0.0008.> 2.59 0.000069 210
16 000072 '.93 0.<Xnl79 '"" 0.00080 3m OO89סס.0 '54
l6 0.0008B 3.26 0.000101 '"" 0.(0097 3.46 0.000114 '" Be ·n Yield of Steel
20 0.00108 3.74 0.000130 323
21 0.00119 4." O.ooolSO 33'

" 0.00132 4.42 0.000173 '"23 0.00145 4.70 O.(XXH99 365

" 0.00161 ,,. o.ooo:m 373

" 0,00178 '.33 0.000266 393

'" 000196 .H2 0.000308 389
0- 0,00217 '''' 0""'" 393-,

" 0.00240 610 OOllO-Wi 397

" 0.00265 6'24 O<m.l61 ..,
30 0.00293 '" 0,000522 ..
" 0.00324 '" 0000593 ...
" 0.00359 '" 000066. ..
33 000396 ." 0.000751 ..
· 0""'" ." 0.000759 .. Ideal Yield of Sue.

" 0.""" 677 0.0lXl638 ..
" O.lXl-I84 682 0.000935 '"36 000536 677 OOOIOU ..
" 0.00592 677 O,OOllJ:! ""• 0.00632 6.71 OOOll94 '" TlUI_ Steel F'a.ilurn

• \"a1\lO!3 m· linear interpolation batfd on am<:r'eU strains. ~. eak:uI&ted In Section 4.4.3.
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2able B.7: Output Data for As-built Lap Splice Enhancemellt Cireular Column CF-

S1." <, !IN.A.(m) Cunatun: <i> Mowent(K·ft) Comments
1 0.00016 -888 0.00000l ", 0.00018 -7.20 0.000009 "3 0.00020 -5.76 O.OOJOll 88
4 0.00022 -4.51 O.OOJOIJ "5 O.cXI024 -3.41 O.0lXXl16 82, 0.0002< -:2.45 O.OOX118 90
1 0.00020 -1.58 0.000022 99, 0.00032 -0.86 0.000025 ".9 0"'"' -0.19 oooom 119
W 0.00039 0.38 O.(l(J(lOO< >30
11 0000« 0.91 0000039 ,.,
" 0.000<8 1.3< 0,000045 '">3 0""", 1.78 Q,0ll0ll52 m,. 0.00059 2.11 0000ooo 161

" 0""" '.<0 0.000068 ""16 0.00071 2.69 O.oooon '"17 0.00080 2.93 0000068 1<,
18 0.00088 3.12 0000009 272
19 0.00097 3.31 0,000112 '98 Begin Yield of Steel

'" 000108 360 0,000128 317
21 0.00119 3.89 0,000147 33<

" 000132 4.2'2 0,000169 347
23 0,00145 4.51 O,OOOllM 360
1< 0.00161 ." O,()(l()225 389
25 0.00178 5.14 0000259 378

" 0,00196 5,42 0,000299 '"21 0.00217 s.n 0000345 388
2S 0.00240 ".90 0.00039-1 3!Y.?
29 0.00265 6.05 O.00J.I46 39'
30 0.00293 6,19 0.00l.I<l0 399
31 0.00324 634 00005';3 400

" 0.00359 (;43 0.000644 <OJ
33 0.00396 6,53 0.000724 403
• 000<00 6.53 0.000732 403 Ideal VieW of Steel

" O,(X).l38 6." 00008l>l .02
3> 000484 6.62 0.000901 .00
36 0,00536 662 0000996 398
31 0.00592 6" 0,001092 398
38 000655 653 O.OOll96 398
• 0,00651 653 0.001189 398 Tran"""'" Steel Failure

T

T Values h\" linear interpolation baaed On COnCr"t" $ttains, ~<, calculated in Section 4.4.3.
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Table B.B; Output Data for Lap Splice Enhancement Cir<::u.La.r Column CF-J

s.., • I/N."..(i ..) Cun'&tun! d> Momeut(K-ft) Comments
1 0.00030 -1.30 0.000023 102
2 0.00033 -O.~ 0.00102< 112
3 0.00037 0.05 0.000031 175

• 0.00)41 0.38 000lX!30 134, 0.00045 106 O.ooIXIU I"6 0.00050 1.49 0.000047 160
7 0.""" 1.87 0.000034 175
6 0.00061 2.21 0.000062 191
9 0.00067 '" 0.00102< 211
10 0.00074 2.74 0.000060 231
11 0.0008' '" 0.000091 '"12 O.<XmI 3.17 0.000102 '"13 O.tXHoo 3.38 0.000116 302 Begin Yield of Steel
1. O.fXH03 3.41 0.000120 307

l' 0.00114 370 0.000137 '"18 0.00126 3." 0.0001~7 340
17 0.00139 4.32 0.000181 3"
18 0.001S4 '56 0.000210 383
19 0.00170 '.99 0.000243 371
20 000188 5,28 0000280 380
'1 000208 ~.~7 0.000324 387
22 000230 5.81 0.000372 391

" 0.002~4 800 0.{X)().lU, 397

" 000281 6,19 0.000484 .00

" 0.00311 6.34 0000~49 406

" 0.00344 6,~3 0,000628 .08
0- 000380 6.72 0.0007Z0 <07.'
" O.(l().I,20 886 0,000818 '08

" 0.00464 696 0.000921 412
• 0.00500 7.03 0.001008 411 Ideal Yield of Steel

30 0.00513 700 0.001039 411
3> 0.00568 7.10 0.001l~9 415

" 0.00628 7.10 0001282 422

· 0.00642 7.10 0.001311 423 Tranve"", Steel Failure

33 0,00694 7.10 0001417 '"34 0,00767 7,10 0.001566 "4
35 000848 706 0.OOI71~ ..,
38 000937 7.01 0,001878 '"37 0.01036 7.01 0002076 '"38 0.01146 6.91 0,002251 .60
39 0.01266 {L86 0.002466 '64
40 O.01-WO 6.82 0.002701 467 Maximum Concrete Strain
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Table B.9: Output Data for Lap Splice Enhancement Circular Column CF·4

S.., YN.A..(in) C\lI'\lI.ture ~ Momeut[K-ft) Comm~nts", OO1סס.0 -1.15 0.000024 ""2 0.00034 "." 0.00l)()27 U4
3 0.00038 0.14 0000032 '"4 0.llOO4.2 0.67 0.00J037 '"5 0.llOO4.6 1.15 0.00034J >49
6 0.00051 LS8 0.00lJ04,9 '63, 0.00057 L92 0""'" U9
8 0.00>63 2.26 0.000064 '"9 0.00069 2.04 OO73סס.0 '"" 0.00076 2.78 0,000083 236
U 0.00086 298 000>094 269

" 0.00093 3.17 0.000106 284

" 0.00103 3.36 0.000120 "" &gin Y~l<! of S1e'el
>4 0.00107 3.46 0.000125 '"" 0.00118 3.74 0.000143 329

" 0.00131 4.08 0.000165 362
U 0.00144 4.37 0.000189 366

" 0,00160 00 0.000219 36S

" 0.00176 5'" 0.0002S3 373

'" 0.00195 5.28 0"""" 363

" 0.00016 5.57 0.000336 389
n 0,00038 5.81 0000386 393
23 0.00064 600 0.000439 397

" 0.00091 6,19 0.000602 400

" 0.00322 636 0.0005i3 "3
26 0.00366 663 0.000651 '"" 0.00394 6n 0.000745 '"28 0.~3S 6.82 0.lXXJ839 '"" 0.~81 6.91 0.0lXl945 ."
• O.OOSOO 6.95 0.000990 ." Ideal Yidd of 51...1

3Q 0.00532 7,01 0.001065 ."

" 0.00688 706 0.001189 m
• 0.00648 '06 0.001311 4Z3 Tran'~ Steel Failure

32 000660 7.06 0.001315 m
33 0,00718 7.06 0.001453 '"" 0,00794 '.06 0,001607 '"35 0,00878 7.01 0.001759 "2

" 0.00971 6.98 0,001926 "9
37 0-01073 6.91 0000109 '56

" 0-01186 686 0.0ll'.!31O 469
39 0.01312 6.82 0.000530 463

" 0.01450 6,;; O.OIy.ml 486 Maximum Concrete Stra.in
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Table B.IO: Output Data for Lap Splice Enblln~t Cin:u.lar Column OF-S

S... " 1I.....A.(;n} CurvatllA 6 Mowent{K-ft) Common_, 0.000<5 1.10 0.0000011 '", 000050 LM 0"",,", '", '.DOOM L92 O.llOlXlM ".• 0.00061 2.21 0.""'" '", 0.""'" ,... .oooon 2U

• 0.(0)74 2.74 O.QOO!I!l· '", 0-""'" 29. 0,00:011 2M

• 0.00091 3.17 O,COlI03 m, 0.00100 '.36 0,COl116 ." Ber;i.a Yield of SUlei

" 0.00111 '.00 0,COl132 '21
n 0.00123 ,.,. 0.COlIS2 336

" 0.00136 4.27 0.000176 '"13 0.00150 .... 0.<XXJ202 361

" 0.00166 '.OJ 0000233 ".
" 0.00183 5.18 0.000269 381

" 0.00203 5.52 0,000313 386

" 0,00224 5,76 0,lXlO3.59 393
18 0.00248 600 0,0lI0413 '"19 0.00274 6,19 0,000471 ...
20 0.00303 6.38 0,000539 .0;
21 0.00335 6.62 0.000622 <OS
22 0,00370 6.82 0000713 '"" 0""'" 696 0000811 ."
24 000452 7 10 0000923 m

" o.IOOס.0 720 O.OOWU ". Ideal Yield of SU!!e1
26 0.<m52 730 0.001174 ".,- 0.00611 7,]4 0,001312 ."-'- 1000638 '" 0001376 '" -- teel Fail,,",

" 0.00675 • .39 0001465 '"" 0007.&6 7 44 0.001637 ."
JO 0."",, .. 49 0,001llZ9 '"'31 0.00912 749 000'.'0'1"! ...
" 0.01006 7.~ 0lXlr.S9 .H6
33 O.OllIS 75-1 0,00249b '"34 0.01233 7.~ 0002761 '"" 0.01363 7.Sol 0,0030S2 .96
38 0.01506 749 OllO333O 50.
37 001665 7,49 0,003691 '"38 001SU 7U 0.004037 '"- ooסס00 7,44 0004JS6 "0 MuiDlum S_

• \",.1".,. b... lmeu interpol,.tion bllS1!d On CODCn!te strains. Ce. cak:u1lted in Section 4.4.3.
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Table B 11· Output Data fot Lap Splice Enhancement Circular Column CF-6

5"" <. YN.,din) CUl"Ilature f> Momeot(K-ft) Commmu

• 0.000<8 1.01 00000« ..,
2 0.000S3 1.44 O.OOOOW '63, 0.00059 L7B 0.0ll0057 >78

• 0.00065 2.11 0000006 '", 0.00072 2" 0,000074 ,..
6 0.00079 2.59 000008< '"7 000088 2.63 0000096 2.17

• 0.00097 2.98 0.000107 '", 0.00107 3.22 0.000122 ,.. Begin Yield of S~l
W 0.00112 3.31 0.000128 '"n 0.00123 '50 0.000147 '"" 0.00136 3.94 0.000169 '"" 0.00151 4.27 0.000195 '".. 0.00167 4.61 0.000225 '"" 0.00184 4.94 0.000261 372

" 00020< 5.18 0000299 383

" 0.00225 5.47 0,000345 '".. 0.00249 5.i1 0.000396 ,,,
" 0.00275 5.95 0.000455 '95
20 000304 6.10 0.000515 402

" 0.00336 6.34 0.000594 <0'
22 0.00372 6.53 0.0Cl0679 <07
23 0.00411 6.,2 0.000;;8 'OS

" 0.00454 6" 0""", 410

- 000>00 6" 00ClQ992 ... Ide'" Yield of Steool
0- 000502 6" O0ClQ997 ....,
" 0,00.">55 7.06 0001123 4li
27 000614 7.10 0,001254 '"- 000672 7.14 0001:J8.l m Tran,'et'Se Steool Failure

28 000679 7.15 0001400 432

" 0,00750 7,15 00015--17 442
30 000829 ,.20 0OOlT.?S 'SO

" O.OO9li ,25 0001929 '"32 0.01014 ,.25 0,002133 ".33 001121 725 0.002358 477

" 0.01239 730 0002633 ".
35 0.01369 730 0.002911 '"" 0.01514 7.25 0.003186 ".
37 001674 7.25 0,003522 SO,
28 001850 7.25 0.003894 ""- 002000 7.21 0004176 '" Maximum Concrete Strain

• VaIn,"" b,' hnellt interpolation b~ on concrete suaina, 'e. c...culate<l ill Section 4.4.3.
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Table 8.12: Output Data for Lap Splice Enhancement Circular Column CF-7

s.., 0 IIN.o't.(in) Curvature 4> Moment{K_ft) Comments
1 0.00048 106 00Xl0« 149
2 0,00053 I" O.lIOOOW "3
3 0.00059 1.78 0.000057 179, O.llOO6O 2.11 0.000066 '", 0,00072 2.40 OO75סס.0 21', 0.00079 2.64 0000080 '3.5
7 0""" 283 O.l1OOO96 3.58
8 0.00097 3.02 0.000108 2B3
9 0.00107 3.22 0,000122 305 Begin Yield of Steel
W 0.00121 3.60 0.000144 325
U 0.00134 3.89 0.000165 ,.,
" 0.00148 4.22 0.000190 3.5'

" 0.00163 4.56 0.000219 363

" 0.00181 '.90 0.000254 3n
15 0.00200 5.18 0.000293 380

" 0.00221 5.47 0.000338 38S
17 0.00244 5.n 0.000J88 390

" 0.00270 5.90 0.000442 396
I' 0.00298 6.10 0."""" '90
20 0.00330 6.29 0.000577 """ 0.00364 6.53 000>666 """ 0"""' 6.67 0.000756 "0
23 0,00445 6,82 0000859 '"" 000492 '96 O.OClO9n '"• 000500 698 0.000996 '" Ideal Yield of Steel,- O0Q5·H 706 0,001101 '"-,

" 0,00602 7,10 0,001229 '",- 000665 7.15 0,001372 m-,
- 0.00669 7.15 0,001382 431 TrlUlverse Steel Failure

" 0.00735 7.20 0001532 438
79 0.00813 7.20 0.001693 950
30 0.00899 7.25 0.001891 'OS
3> 0.00993 7.30 0.002112 '"32 0,01098 7.30 0.00233~ 47~

33 0,01214 7,30 0.002581 '"39 0,013~2 730 0.002853 'S'
35 001484 7,30 0,003154 495
3G 0.Ql640 7.2:> 0003452 """ 0.01813 7.2:> 0.003816 508

- 0.02000 7.2:> 0.004209 5n Maximum Concrete Strain

• Values by linear interpolation based On concrete strains. €<' calculated in Section 4,4,3,
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Table B.13: Output Data for Lap Splice Enhancement Circular Column CF-8

s.." ~ VN.A.(in) Curvature <f; Moment(K-ft) Comm~~, 0.00049 Loa 0.{X)(X)ol7 '", 0.""" 1.97 OOOOOM '"3 ooסס0.0 '.30 0.000Cl62 '"• 000066 '" 0000070 2H, 0.00073 '" oooooao '", 0.00081 3" 0."""'" '"7 0.00089 3." 0.000102 279
8 0.00099 3.41 0.000115 303 8elr;in Yield of Stffi, O.lXHl2 3.74 0.000135 '"" 0.00123 '.03 0.000155 ""H 0.00136 4.37 0.000179 353

" 0.00151 4.70 0.000207 '"" 0.00167 '" 0.000239 373

" 0.00184 '33 0.000276 383

" 0.00204 '.66 0.(0)321 388

" 0.00225 ,., 0.000369 '"" 0.00249 6.14 O.ooo-t25 '"" 0.00275 6.34 0.0<>0<8' '"" 0.00304 6.53 0.(0055(; "0

" 0.00336 6.77 0.000643 '"27 o.oo:m 6.91 0.000731 '"22 0.00411 7.10 0.0CKl839 '"23 0.00454 '0' 0.00095(; 417, .•i>

• 0.00500 7.34 0.001074 422 Idnl Yield of Steel

" 0.00502 7.34 0.001079 422
O' 0.00555 7.44 0.001218 428.,
'" 0.00614 ,49 0,001360 '"· 0.00626 7 51 0,001394 H3 Tran'''eISe Steel Failure

" 0,00679 , 58 0001537 ..,
" 0.00750 ,.63 0001718 '"
" 0.00829 7,68 0,001920 '"'30 0.00917 773 0002146 H6

" 001014 773 0.002373 ."
" 0.01121 7.73 0.002623 497
33 0.01239 7.73 0002900 303

" 0.01369 7.73 0.003206 '"35 001514 ,.73 0,~4 '"" 0,01674 7.73 0~18 '"37 0-01850 773 0004331 '"· 0.02000 7.69 0.00t6ot0 537 Maximum Concrete Strain

• \·8]Ues t,,·linear interpolation l>A>e<.l On COll~re,e "Irains. '0. ~a1~ulated in Section 4.4.3.
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Table B 14' Output Data for Lap Splice Enhancement Circular Column CF~9.

S"'" <, !iN.A.(in) Curvature <P Moment(K-ft) Comments
1 0.00049 135 0.000047 161
2 O.OOOM 1.97 0.1XllXlS4 176
3 000060 '.3<1 0.0Cl0062 193

• 000060 2.59 0.lXXlO70 2ll
5 O.OOCI73 2.83 0.000080 232, OJ)(X)IH 3.02 0.000090 25.
1 0.00089 3.22 0.000102 279
8 0.00099 3.41 0.000115 3<13 Begin Yield of Steel.
9 0.00112 3.74 OJ)(XH35 325

" 0.00123 4.03 0.000155 3"
H 0.00136 4.37 0.000179 353
12 0.00151 '.10 0.000207 364
13 0.00167 504 0.000239 313
1. 0.00184 5.33 0.000276 '"15 0002<14 566 OO21סס.0 389

" 0.00225 5.00 OO69סס.0 396

" 0.00249 6.14 0.000425 400

" 0,00275 6." 0.000486 405

" 0,00304 653 0.000556 ."
20 0,00336 6,77 0.000643 4U

" 0.00372 6.91 0,000731 '"22 0.00411 7.10 0000839 "6
23 0.00454 7.25 0,00)956 US

• 0.00500 7.34 0.001074 m Ideal Yield of Steel

" 0.00502 7.34 0.001079 m
25 0,00555 7.44 0.001218 .25
76 01Xl614 7.49 0.001360 4.)1
• 01Xl62ti 751 0.001393 4.)2 Tran\'erse Steel Failure
27 0.1Xl679 758 0.001537 '"25 0.00750 7.63 0,001718 ."
29 0,00829 7.68 0001910 46'
30 0.00917 7.73 0.002146 477
31 001014 7,73 O.oo23n .88
32 0,01121 7,n 0.002623 497
33 0.01239 7,78 0.002933 501

" 0.01369 7.78 0.003242 50S
25 0.01514 7.73 0,003544 01'
36 0.01674 7.73 0.003918 523
37 0.Dl850 7.73 0.004331 527

3' 0,02046 7,68 0.004735 533
• 0.02000 7.68 0,004628 533 Maximum ConcNlte Strain

T Values b\' linear interpolation based on concrete strains, 'e, calculated in Section 4.4.3.
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B.3 Lap Splice Enhancement Rectangular Columns



-
5.." , lI.....A.(on) """"=• MO!JIOfl'(K-ft) C<>mmo>u

1 O.wJJO 0.14 0,1JIlOO'» '", 0.""" 0.86 0.(111100 2117
3 D.llOO37 1.« O.<IlXXlM 228

• O,(OOU 1.97 0."""" '52, D.""'" 2<0 0.<1000<' ".

• ooסס0.0 2.iS D."""" "", O.OOOSS 3.12 0.""'" 3«

• 0.00061 3..fol 0,000070 377
9 0.00067 3.65 0,0000ll0 m

" 0.00074 3.89 0.000091 ."11 0.00082 .... 0.000103 '"12 0.00090 .n 0.000116 ""II 0.0:1100 4.37 0.000131 621

" 0.00111 446 0.000147 '"15 0.00122 ." 0.000171 71. Begin Yield of Steel

" 0.00135 1),23 0.000200 '«
I' 0.00149 1'>.62 0.000234 '68
J8 0,00165 6,05 0000277 '84
19 0,00182 638 0,000325 802

'" Doom 67; 0000388 .12
21 000223 7.(j(; OCll10451 833
22 0.00247 -,- 0000519 8S8'-.oJ

23 0.00273 7.49 0","," .78
23 0.00301 7~ 000069S ."

" 000333 7$2 0,000798 '"" oIlII368 787 0000892 93.
- oIlII400 7eii 0000969 94' Ideal YiHd of Steel,- 0,00107 i.oi 0000966 950••,.

0004S0 '-S~ 0001078 '".,
" 0,(0498 7;g 0001178 972
>1 000SSll .73 0001268 ",
31 0,,"," 763 0001392 '87

" 0""" 71'>--1 0001506 ,,,
33 0_00743 744 0001630 '"" 0.008Z2 '>1 0001747 '"• OllllSt9 725 0.001787 '" T....._ Steel Fail~

Table B,15: Output o.u for As-built Lap Splice Enb$neement Rectangular Column
RF I

• \'ll!Uf'l; we hnear int~lation~ QJI CODCI'eto! strains, ~., cll\culat.ed in Secuon 4.4.3.
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Table B.16: Output Data for Lap Spli~ Enban~rnentRectangular Column RF-2

s"'" " YN.A.(in) Clll'VIIture t/> Moment{K-fi} Commen;s, 0.00091 4.13 0.000116 S"
2 0.00101 4.27 0.000130 '"3 0.00111 442 0.000147 '"4 0.00123 ..., 0.000171 '" Firm Yield of S~l, 0.00131 '.04 0.000189 '", 0.00145 5.47 0.oo:m3 '"• 0.00150 5.59 ooom; ". Unconfined Lap Splice FailUl1!, 0.00161 '" 0.0002ti1 ,.,
8 0.00178 '.29 0.000311 '"9 0.00196 6.67 0"'"" 8>4

" 0.00217 7.06 0.000439 """ 0.00240 '34 0.~J5 '">2 0.00265 7.58 0.000601 88;

" 0.00293 7.87 0.000710 9>2

" 0.00024 8.11 0.00>834 940

" 0003<>8 830 0.000970 98;

" 0.00096 8.40 0.001101 989

" 0.00l.38 '50 0.001250 '009

" 0.00l.84 86> 0.001401 ""• 0.00500 8.57 0.001~61 "" Ideal Yield of Steel

" 0.0= 8." 0.001593 ""20 0.00592 869 0.001787 1079

" 0.(l()654 8.78 000203-1 ",,,
• 0.00720 8." 0.00230-1 1111 TrlLIt''''rM Steel Failure

22 0.00723 8." 0.002318 1112
23 oooaoo 8.93 0.002603 1131

" 0.""'" 8.98 0.002923 1147
25 0.00977 902 000328-1 1162

" 001080 9.07 0003690 1174
O' 00119~ 9.12 OOQ.lIH "" Longitudinal Steel FailUl1!-'

• \·a!u.,,; hv linea,- ;nterpolallon hase<J on concrete .trains. '0' calculated in Section 4.4.3.
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Table B.17: Output Data b Lap Splice Enbaocement~ Column RF-3

5.... • " ...·A(m) ~= • Mmwrt(K-h), 0.""'" 3.94 O.<OH23 m
2 O.OOU)9 .... o.<Oll38 '"3 O.OOrll 4.27 0.000157 ... Fint Yidd of Steo:l

• 0.00128 4.51 0.000171 "", 0.00142 '.94 0.000201 '"• 0.00150 5.17 0.(00"220 ,<8 U ned Lap Splioe Fail,,",, 0.00157 '.38 0.000237 '59, 0.00173 5.81 0.00028ll 779

• 0.00192 6.19 0.0=0 '", 0.00212 6.62 0.~4 812
10 0""" '96 0.000465 838

" 0.00259 7.25 0.000545 "2
12 0.00286 7.49 000:>635 '"13 000317 7.78 0.000749 '"14 0,00350 7,97 0.000868 '"" 0,00387 .06 O.{l(I()9S3 966
16 0.00428 8,16 0001114 ,6<

" 0,00·173 ." 0,001$3 1007

• 000500 8.31 0001~ Ion Ideal Yield or Steo:l.
18 0.00523 '" OOOUJ3 1025

" 000578 ..0 0001605 10<6

" 0.00639 845 0.001799 1086

" 0.00706 •." 0.002().l,4 10"
• ,0.00763 83' o002"'..Jl "02 Tranvene Steel Failure

" 000781 83' 0.fJ0"2291 lI07

" 000863 '86 0"""" 1119

" 00085' S,U 00029'14 "J.>
25 O.DlOM 8.78 0003280 IU9
26 0.01l66 ..3 0,003681 1161

" 001289 !i.&b 00lJ.l133 1Ii3 ~\udmalSteel Fail,,",

• \'&1.,.". b>'!inI':ar interpO!.atlOl:I baxd 00 COUUt'to!' strains. ' ••~ in Section 44.3.
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Table B.IS: Output Data for Lap splice Enhancement Reetangulu (;Qlumn RF-5

"OP <, lIN.A- C=mre 4> Moment(K-ft) Commenu, 0.00Cl69 365 0000083 4", 0.00076 384 0.00Cl093 '"3 0.00084 '.03 0.000106 "8

• 000093 4.18 0.OOJl19 ,n
5 0.00103 4.32 0.000134 '"8 0.00114 4.46 0,000151 688 Fir-st Y>ekI of Steel
7 0.00126 4." 0.000176 720
8 0.OC\l39 '" 0.000207 74'
• 0.00150 ,." 0.000233 784 Unconfined Wop Splice Failure, 0.00154 '.66 0.0002~ m
10 0.00170 6.10 0.000288 788
n 0.00188 '48 0.000341 ..
" O.lJ02(J8 '.66 0.()()().j,05 822
13 0.00230 7.15 0.()()().j,74 '"'" 0.00254 7." 0.0005[,7 872

" 0.00281 7.73 0000658 897

" 0.00311 7.97 0.000771 '"" 0.00343 8.16 0.00089-1 '"
" 0003S0 830 0.001027 914

" 0.00420 8." 0,001151 '"20 0.00464 8" 0.001306 1017
• OOOSOO 849 0.00142'1 1033 Ideal Yield of Steel

" 0.00513 850 O.ool~64 '039

" 0.005fi7 8,54 0001641 '06'
" 0.00627 8" 0001866 1078

" 0.00693 8.69 0.002093 "199
• 0.00744 8.75 0002Z97 lI07 Tran,'et5e Steel Failure

25 000766 8.78 0002383 1110

" 0.00847 883 0.002674 1127
27 0,00936 8.88 0.003002 1140

" 001035 8.93 0.003370 1151
29 O.Dl145 8.93 0,003726 n66
W 00126a 898 000-1184 lin LonWtudinal Steel Failure

• Vailles In· linear interpolation h&Sf'd On <:On(re'" $"ains. ~~, ukulated ;n ~tion 4.4,3.
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Table B.19: tPllt Data for L splice Enhancement Rectangular Co umn RF~6

tee~ Failure

Ideal Yield of S eel

TranveISe

nconfinecl Lap Sp"ce Failure

20
4ti

700

688

al6
570
62

11 3

Hi5

1
1 35
11''):

llt:i5

104
lOG
1084
111-'

72
769
808

24
T

8 6
902
930
956
9 ..
99
1 23
1041

,,-_u

, \ -alut' Lv linpar in f.'rpola 1011 br1£E-'J all COlleT p tritins. fr., calcul e in ectio . .3.
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B.4 Shear Enhancement Rectangular Columns
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.
S~, <, /IN.A. (In) CurvatUTe 41 Moment{K-ft) Comment!!, 0.00035 0.24 0000030 '", 0.00039 0.91 0"""" 167

3 0.lXXW3 1.49 0.000041 '"• 0.()()l)47 '02 0.()(l()()47 20<, 0.00052 2.45 O.OOOOS[, '"6 0.00058 2.78 0.000063 '", 0.0006< 3.12 OO72סס.0 ,,.
8 0.00071 3.41 0.0lXXl82 302, 0.00078 3.65 0.000093 333
W 0.00086 3.89 0.000106 '" Begin Yield of Steel

" 0.0009[, 4.32 0.000124 383

" 0.00106 4., 0.000147 398

" 0.00117 [,.23 0.000172 412

" 0.00129 '" OOOJ204 423

" 0.00143 6.10 0.000241 '"" 0.001[,8 6.48 0.000285 ..,
" 0.00174 6.82 0""", ..,
" 0.00193 '.20 O.lXXWOl <S.

" 0.00213 7.[,~ 0,0004i7 '"20 0.0023[, 7.7:1 0.000f>S1 '"" 0.00260 7.6, 0.0lXl630 463
22 0.00288 8-02 0.000722 462
23 0.00318 8." 0000808 '"" 0.00352 8.16 0.00J916 '"2S 0.00389 8.21 0.001025 HO
• 0.004 8,21 O.oolOa.l '" Ide.o..l Yield of Sleel

26 000430 821 0.001133 H8,- 0,00·175 821 0.0012[,3 <S.-,

" 0.00525 816 0001368 .00
29 0,00581 8,11 0.001493 '"30 0.00642 8-02 0001611 SOO

" 0.00710 7.92 0.001739 ""32 0.00784 7.78 00018S7 507

• 0.00834 7.69 0001935 SOB Tranverse Sleel Failure

Table B 20' Output Data for As-built Sbear EnhaJleement Recta.ngu.la.r Column RS-I

• \"alu.... b"!illear interpolation base<! on concrete strains, ~<o CIL1culated in Section 4,4,3,
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Table B.21: Output Data for Shear Enhancement Recta.ugular Column RS-2

S<., " YN.A(iD) Curvature '" Momellt{K-ft} Comments
1 0.00061 3.112 O.llOOll68 263
2 0.00067 3.31 0.00Cl07B 289
3 0.lXXJ75 3.55 0.001088 31'

• 0.1XlO82 3.74 O.OCOloo 5,52
5 0.00091 4.13 0.OC0116 '" Begin Yield of Steel
8 0.00097 4.42 0.OC0128 385, 0.00107 '.63 0.000150 '00
10 0.00118 533 0,000177 m
11 0.00131 5.76 0.000210 '"12 0.00145 6.19 0000249 "3
13 0.00160 6.08 0.000295 '<1
1. 0.00177 696 0.000351 '"15 0.00195 1.>1 0.000420 ".16 0.00216 1.63 0.000500 '"H 0.00239 7.87 0.000579 ".18 0.00264 806 0.000671 '"l' 0.00292 8.21 0.000770 '"20 0.00323 8.40 0.000897 '"21 0.00357 8.54 0.001033 "6
22 000395 8.64 0.001174 <88
23 0,00436 869 0,001317 002

" 0.00482 8.78 0.001499 51l
• 0.00500 6." 0.001564 m IdeaJ Yield of S~l
2; 0,00533 8.83 0.001683 '"'" 000589 8.83 0001860 ;;36

" 0,00651 8.63 0,002088 "5
• 0,00699 S.63 0,001241 563 Tnl.lwer-se Steel Failure

" 0,00720 863 0,002308 555
29 0.007% 8.63 0,002552 5"
30 Ol108SO 863 0002821 "2
31 0.00973 863 0003119 578
33 0.01076 8.83 0,003396 58S
33 0.01189 863 0003754 63'
>I 0.01315 8,78 0.004088 59.
35 0.01453 8,74 0004453 598
3G 0.01607 869 0.004851 603
• 0,01755 8.65 0.005232 60S Jacket Failure

T \'a.II1~s bv linear interpola.tion baSf'<.1 on concrete strairu;. '" calculated in Section 4.4.3.
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Tobie B.22: Output Data for Shear Euh.aDcewent RectlUlgular ColUIIlD RS-3

S"" <, YN.A.(in) Curvature I/> MOlJlO!Dt{K-ft) Comments, 0.00054 2.93 0.000060 '"1 000060 3.22 0000068 167, 0.00066 '.50 OO78סס.0 ".

• 0.00073 3.74 0.000088 '", 0.00081 3.94 0.000100 '", 0.00089 4.37 0.000117 67' Begin Yield of Steel, OO3סס.0 .56 0.0001~ 386
9 0.00103 •.w 0.000146 '"" 0.00113 5.42 0.000173 '"u 0.00125 '88 0._ '"" 0.00139 6.34 0,000245 .34

" 0.00153 ,." ooomo .43

" 0.00169 1.00 0.000343 .67

" 0.00187 7.44 o.ooo·m m

" 0.00207 7.78 0.000490 ."
H 0.00229 '00 0."""" 46'
" 0.00253 8.26 0.000676 46'
" 0.00280 8.40 0.000777 '"10 0.00J09 8.59 0.000908 m

" 0.00342 8.74 0.001048 .67

" 0.00378 '.67 0.001193 ."
13 0.00.\18 8.93 0.001361 """ 0.00462 8.98 0.001528 ",
• 0"""" 9.01 0.001675 527 Ide&! Yield of Steel

" O.~II 9.02 0.001il7 '"" 0.00565 907 0.001929 '"11 O,OO6U 9,07 0.002132 '"• 0.00674 9,07 0.002304 "" Tranvene Steel Failure

" 0.00690 9,07 0.002357 '"" 0.00763 912 0002649 567
30 0.00844 907 0.002881 578

" 0.00933 9.07 0003185 ".
67 0.01031 9.02 0,003464 '"33 0.01140 9.02 0003830 '"34 0.01260 8.98 0.004166 'W

" 0,01393 8,93 0.004534 ""30 001540 '88 0.(1(14935 600
• 001633 '85 0.005185 ." Jacket Failu~

• Val"". b,· linear interpolation based On COncrete str..,n., 'c, c.o.lculated in Section 4.4.3.
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Table 8.23: Output Data for Shear Enhancement Rectangular Column RS-4

Step <, YN.,dm) Curv&ture (; Moment(K~ft) Comments, 0.00062 '.98 0.0Cl0069 26., 0.00069 3.26 0.000078 '"3 0.00076 3.50 0."""'" 321

• 0.0008< 3.'" 0.000101 353, OO3סס.0 4.13 0.000118 '" Begin Yield of Steel, 0.00097 4.32 0.000126 '", 0.00107 475 0.000148 398

" 0.00118 '.23 0.000115 9U
U 0.00131 5.62 000020S ."
" 0.001'5 6.10 0.000245 '">3 0.00160 6.98 0.000200 941

" 0.00171 6.80 0.000344 '98
l' 0.001% 7.25 0.0lXW1l ."
16 0.00216 7.58 0.000489 95'
17 0.00239 1.82 0.0lXl572 .60
l6 0,00264 7.97 0.0006SS .58
19 0.00292 8.U 0,000151 96'
W 0.00023 '30 0000873 96'
21 0,00351 8.45 O,OOUX)5 '"22 0.00095 ,." 0001142 '"23 0.00436 '" 0,001298 497

" 0.00482 8.69 0001456 ""• OOOSOO 8.il 0,001518 ,>3 Meal Yield of Steel

" 0.00533 8.74 0001633 '20
26 0.00589 8,78 0,001832 '30
O' 0.lJlll»1 818 0.002026 5~2-'- 0.00708 818 0.002202 '50 Tr....verse Steel Fa.i!ure
28 0.00720 626 0,002239 552
29 0.00796 878 0.002476 '51
30 000880 818 0,002737 56'

" 0.00973 818 0.000026 575
32 0.01076 8,18 0.0l:J33.l,5 '"33 0.01189 874 0.003643 '38

" 0.01315 8,69 0.000970 '93
38 0.01453 '69 0001326 597
36 0.01607 8.59 0.OO1il5 600

• 001762 8.54 0.005105 601 JlI.cl<et Failure

• Values bv linear int~rpo!at;on base<! 011 <:oneret", straillll. <" eakulated in Sectioll 4.4.3.
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Table B 24· Output Data for Shear Enhancement Rectangular Column RS-5

Step YN.A..(in) Cun'&ture ,p Momeot(K-ft) Comments", 0.00061 3.31 0.000070 27'
2 0.00067 3.55 0.000>80 '", 0.00075 3.29 0.000091 332

• 0.00082 3.98 0.000103 365
; 0.00089 4.37 0.000117 '29 Begin Yield of Steel, 0.00099 '.80 0.000137 '"9 0.00109 5.28 0.000163 '"W 0.00121 ,." 0.000191 '"U 0.00134 6.14 0.000l28 '"" 0.00148 6.58 0.000l72 '"" 0,00163 6.91 0.000321 ."
" 0.00181 ;3<) 0.000384 '"" 0.00200 ;68 0.000462 '"16 0.00221 7.97 0.000547 ."
n 0.00244 8.21 00006<3 '68
18 0.00270 8.35 0.000739 """ 0.00298 8.54 0.""'" '"20 0.00330 8.74 0.001010 m
21 0.00364 '83 0,001150 ""33 0.00403 8.93 0.001311 5"
23 0.00445 8.98 0.001472 515

" 0.00492 9.02 0.001654 533
• 0.00500 9.03 0.00168-5 53<) Ideal Yield of Steel

25 0,00544 9.07 0.001858 539
26 0,00602 9,12 0.002089 599
O' 0.00665 9.12 0,002309 561.'
• 0.00668 9.12 0,002321 '" Tranverse Steel Failure

28 0.00735 9.17 0002596 567
29 0.00813 9.17 0.002870 576
3<) 0.00899 9,1. 0.003173 583

" 000993 9.12 0.003449 >9,
32 0.01098 9,12 0.003813 527
33 0.01214 9,07 0.004146 60.

" 0.01342 9.02 0004510 608
35 0.01484 9.02 0,004986 608

• 0,01484 9-OZ 0.()().l987 608 Ja.cket Failure

• \'alues b,· linear interpolation based On concrete strains, 'e. calculated in Section 4.4.3.
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Table B.25: Output Data for Shear Enhancement Rectangular Column R5-6

s"" " lIN.A.(in) CUr\'lI.ture Ii> Moment(K-ft) Comment5, O.llOO65 3.46 OO76סס.0 200, 0.00072 370 0.000087 370
3 0.000711 3." 0000099 '"• 000088 4.32 0.000114 '" Begin Yield of Steel
7 0.00097 '.70 0.000133 393
8 O.(XH07 5.18 0.000157 <00
9 0.00118 5.62 0.000185 '19
10 0.00131 '.0; 0.000220 <30
11 0.00145 "" 0.000262 "8
12 0.00160 6.82 O.l1OO3ll8 ""13 O.OOln 725 0.000372 '52
19 0.00195 7.08 0.000442 ."
IS 0.00216 792 0.000529 '"16 0.00239 8.16 0.000621 '"i7 0.00254 8.311 0.000714 '"18 0.00292 85O 0.000832 '"19 0.00322 8,69 0.000973 '"20 0.00356 8.78 0.001108 '"" 0.00394 '" 0.001263 5O1
22 0.110<36 '" 0.001441 511
23 0.00482 902 0.001618 52.
• 0.00500 "" 0.001690 5" Ideal Yield of Steel

" 0.1m32 907 0.001818 '"25 0.00589 9.12 0.01120>l '"70 0.00651 9.12 0.002259 559
• 00068< 9.13 0.002314 560 TrllIl'-enle Steel Failure

27 0.00719 9.17 O.OO2iHO 565
28 0,00795 917 0.002808 57.
29 0,0Cl879 9.17 0.0031().l 5"
311 000972 9.12 0.003375 592
31 0.01074 9.12 0.003731 5"
32 O.QlISS 9,07 0,00-l.057 603
33 0.01313 !'-O7 0004485 603

• 0.01448 9.0'2 0004867 60ll Jaclcet Failure

• Valu"" by linear interpolation based on COncrete 5traina. f o, calculated. in Section 4.4.3.
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Table 8.26: Output Data for Shear Enhancement Rectangular Column R$-7

Step '. IIN,JI.(in) ClU'VlLture 6 Mome.tlt(K-ft) Comments, 0.00060 3.46 0.000076 200, 0.00072 3.TIl 0.000087 320
3 0.00079 3.94 O<mm '"• 000088 4.32 0.000114- 375 Begin Yield of Steel
; 0.0lXl97 4-.70 0.000133 393
8 0.00107 5.18 0.000157 406, 0.001l8 :>.62 0.000185 4>,

" 0.00131 ,." 0."""" ""U 0.00145 6.48 0.000262 .38

" 0.00160 6.82 0.000306 ."
" O.ooln 7.25 0.000372 '"" 0.00195 7.58 0.000442 '"" 0.00216 7.92 0.000529 46'

" 0.00239 8.16 0.00Cl621 46'

" 0.""'" 8.30 0.000714 m

" O.rom 8.50 0.0008J2 473

" 0.00322 8.69 0.000973 '"20 0,00356 8.78 0.001108 "8

" 0.00394 8.38 0.001263 50'
2'1 0.004:36 898 0.001441 '"23 0,00482 902 0.001618 '"" 0,00532 907 0.001818 53'
• 0.00500 904 0.001691 530 Ideal Yield of Steel

75 0.00589 912 0,0Q20.l4 '"26 0.00651 912 0,002259 55'
· 0."""" 913 0,002297 "" Tranver1le Steel Failure,- 0.00719 9.17 0,002540 56'-'
28 0.00795 9.17 0002808 574

" 0.00879 9 17 0,0031G4 '"- 000949 I '" 0003J08 589 Jacket Failure

• \'a!ues b\' line&!' interpolation bas«! on concrete strains. to. c.a1culated in Section 4,4.3.
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Appendix C

SHEAR STRENGTH
CALCULATIONS

C.l Shear Enhancement Circular Columns
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Table C.l: Ductility and Shear Strength Calculations for As-built Shear Enhancement
Circular Column CS~l

5'." H (kips) 6 (ill) .. k V (kips) Comments

1 13.0 Om5 0.1 3.50 139.8
2 14.8 0.017 0.1 3.50 137.2
3 16,8 0.021 0.1 3.50 135.0

• 18.8 0.024 01 350 133.1, 20.8 0.030 01 350 131.3, 22,8 0.034 0.1 3.50 129.8, 25.0 0.041 01 3.50 128.5
8 27.3 0,04.7 0.2 3.50 127.3
9 30.0 0,056 02 350 126.3

W 32.8 0.063 0.2 3.50 125.4
n 35.8 Om5 03 350 124.5

" 39.3 0.086 0.3 3.50 123.9

" 43.0 0.097 03 350 123.3

" 47.3 0.112 0.' 3.50 122.7
IS 51.8 0129 0.' 3.50 122.2

" 57.0 0.145 0' 350 121.8
H 62.5 0,164 0.' 3.50 121.4

" 68.8 0186 02 350 121.1

" 75.3 0211 0.7 3.50 120.8 Bejljn Yield of Steel
20 80.0 0.224 0.8 350 120.4

" 84.3 0236 08 350 119.9
22 87.3 0,244 09 3" 119.4
23 90.3 0,253 0.9 3.50 118.8

" 925 0259 09 350 118.3

" 94,8 0,265 09 350 117.9
26 9605 0,270 10 350 117.4
27 98,0 0,274 1.0 3.50 117.0
28 98,8 0,276 1 0 350 116.7
29 100.0 0,280 1.0 3.50 116,5
30 100,5 0281 1 0 350 116.3
31 100,8 0,282 1.0 3.50 116.0
32 100.5 0.281 '0 3" 1158
33 100.5 0.281 1.0 3." 115,7

• 100.5 0.281 '0 3.50 115,7 Ideal Yield of Steel

" 100.5 0.347 l.2 3" 115,6
35 100.8 0.-123 1.5 3." 115.6
36 100.3 0,499 " 350 115.6

" 99.3 0.579 2.1 3,44 113.9

• 99.9 0.651 2.3 314 106.6 Tran""""" Steel Failure
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Table C.2: Ductility and Shear Strength CaicuiatioIlli for Shear Enhancement Circular
Column CS-2

S.." H (kiJllil) A (in) •• , V (kiJllil) Commeuu, 26.0 0.043 0.' 3.50 "'.,, 28.5 0.050 0.' 3.50 300.0
3 31.0 0.008 0.' 3.50 30SO

• 340 0.061 0.' 3.50 "'", 37.3 0.078 0.3 3.50 303.
6 <0.' 0.089 0.3 3.50 302', 44.' 0.103 0.3 3.50 302.'

• 49.0 0.117 0.' 350 301.7
9 53.' 0.134 0.' 3.50 301.2

" 53.' 0.151 0.' 350 300.
H 64.' 0.112 0.6 3.50 300.'

" 71.0 0.194 0.6 3.50 300.'

" 76.8 0.220 0.' 3.50 289.' Begio Yield of Steel

" ".0 0.224 0.' 3.50 289.'

" 82.3 0.236 O' 350 2893

" ".• 0.246 0.' 3.50 "8.8

" 89.0 0.255 09 350 298 3

" 91.5 0.262 O' 3.50 297.8

" 93.5 0.268 0.9 3.50 291.2
20 '" 0.277 0.9 350 2969

" 91.3 0.279 0.9 350 296.3

" 98' 0282 0.9 350 296.0
23 99. 0.286 10 350 295.7

" 10l.3 0.290 10 3.50 295,4

" 102.3 0.293 10 350 295.1

" 102.5 029~ 10 3.50 29~.8,- 103.3 0296 " 300 Z946-,
28 103.3 0296 " 350 29~_4

" 1().l,0 0298 10 300 Z942

- IOU U299 " 300 294 I Meal Yield of Steel
JO IOU 0:326 " 300 29u

- 1().l.7 0,394 1:3 3.50 294,0 Tran'~rse Steel Failure

" 105.0 0438 1.5 3.50 29~,0

32 101.0 0.563 " 300 294.0
33 108.5 069~ 2.3 3.13 28--1.3

" 110.0 0838 " 2.57 269.8

" 111,3 0992 33 198 25~.3

36 lI3,3 1.153 3,9 '.36 238,3
37 1I4.8 1322 " 1.14 2325
36 115.8 ''''' '.0 '''' 230.2
39 1l6.8 1.697 ., 0." 227.7

" 118.0 1.891 63 0" 225.3 Maximum Concrete Strain
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Table C.3: Ductility and Shear Strength CaicuiatiollS for Shear Enhaucement Circular
ColullUi CS-3

S.., H (1cip8) .0. (in) "A k V (kips) Comments, 20.' 0.041 0.' 3.'" 309.'
2 280 0.048 0.2 3.'" 307.9
3 30.' 0.006 0.2 3.'" 306.9
4 '" O.06S 02 3.'" 306.0, "., oms 0.3 3.'" 309.3
6 40.0 0.006 03 3'" 3046
7 43.8 0.099 03 3.'" 304.0
8 48.0 0.112 0.4 3.'" 303.'
9 S2.S 0.129 0.4 3.'" 303.0

W S7.8 O.14S 0' 3.00 302.6
B '" 0.166 08 3.'" 302.3

" 69.[, 0.188 0.8 3.'" 301.9

" 7[,.8 0.213 0.7 3.'" 301.6 Begin Yield of Steel

" 770 0.216 0.7 3.'" 301.5

" 81.3 0228 08 3'" 301.1

" &.3 0.239 0.8 3'" 300.'

" 333 0.248 08 3.00 300'

" 91.5 0.257 0.9 3.S0 299.6

" 93.5 0.262 0.9 3.S0 ""20 00.0 0.269 09 3'" 298.6

" 97.8 0.274 0.9 3.50 298.2

" 28.8 0.2i7 09 3'" 297.7
23 100.0 0.281 '0 3.50 297.4
24 101.0 0.283 '0 3.50 2971,. 102.0 0.286 '0 3.50 296.8.,
26 102.3 0.287 '0 3'" 296.5
27 103.0 0.289 LO 3.'" 296.3
28 103.3 0.290 LO 3'" 296.1
29 1040 0292 '0 3'" 295.9
30 104.5 0.293 '0 3.50 295.8

• 104.6 0293 1.0 I 3.50 295.7 Ideal Yield of Steel
• 105.4 0.385 1.3 3.50 295.7 lhnVllrlle Steel Failure

3L 105.5 0.395 '3 3.50 295.7
32 106.5 0.[,18 '8 3.50 295.6

" 108.0 0.(}.17 2.2 3.26 289.3
3L 110.0 0.793 2.7 2.69 274.l

" 112.3 0940 3Z 2.12 258.9
30 113.5 1.106 3.8 l.47 241.6
37 115.0 un 43 1.15 233.3

" 116.3 l.451 49 '00 230.9
39 117.0 1.641 3.' 0.00 228.4
40 118.5 1.&33 6.2 0." 22M Maximum Concrete Strain
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~ H (kipll) 6 (in) ,. • V (iipll) CO""",,,
1 .0 0.009 .. '"0 161.4, ... 0.011 0.0 ... 150.5
3 '.0 0.015 0.1 ,.. 141.3

• •., 0.021 0.1 ... 133.7, 10' 0,023 0.1 3." 132.9

• ". 0."" 0.1 ,"0 129.6, ... 0.'" 0.1 ... "..• 16.8 0."" 0.1 3... 124.5, I" 0041 0.' ... tn,
10 20.' 0 ... .. ,.. 120.7
II 23.0 0.010 0.' ... 119.1

" ,.. 0.... 0.' ,.. 117.7
13 27.' 0.061 0' ... 116.4.. .U 0010 .. ,.. 115.3
15 33.3 0.073 ., ... 114.4

" 3,. 0'"' 0.3 3 .. 11305

" 400 0.087 ., ,.. 112.8
16 .3.3 0006 0.' 3." 112.2
19 .... 010& 0.' 3." 11105
20 ". 0.115 0.' 3 .. llt.1
21 ". 0126 .. 3." 110.6

" 63.' 0139 O• 3.. 110.3
23 .,. 01~ 0.' 3." 110.0

" ,.. 0168 0.6 3.. 109.6,. 643 0164 0.7 3." 109.3

" 92.3 0202 .. 3 .. 109.2

" 99.3 0211' O. 3 .. 1"'-' &gin Y>eId 01 Steel

" 10.&5 0.228 0' 3" 1"'-.

" 109.0 0238 0' 3 .. 1"'-1
30 112.5 02J6 0' 3 .. lOi.7
31 115.8 0.253 0.' 3 .. lOi.3

" 1180 0.258 LO 3." 106.9
33 1205 0.263 LO "0 106.6

" 122.3 0267 LO 3.. 106.3

" 122.5 0266 10 3 .. 106.0
36 123.0 0.269 LO 3 .. 105.8
37 123.5 0.270 1.0 3." 105.8

• 1235 0276 LO ,.. 105.7 Ideal Y;"ld of Steel

38 123.5 0.292 U 3." 105.7
39 1235 0363 l' 3." 105.7.. 122.8 0418 L6 3." 105.9

• 122,0 0466 1.7 3." 106.1 TrlUlS'o~ Steel Failure

Table C.4: Ductility and Shear Strength CaleulatiotlS fo[ ~built Shear Enhancement
Circular Column C$-4
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Table C.S: Ductility and Shear Strength Calculations for Shear Enhancement CirculaJ"
Column CS-5

Sre, H (kips) 6. (in) .. k V (kips) Conunentll, 26.5 0.0« 0' 3.50 333.0
2 28.8 0.052 0.' 3.50 336.8
3 31.5 0060 0' 3.50 335.8

• 345 0.070 0.2 3.50 334.9
5 37.5 0.080 0.2 3.50 334.1
6 41.3 0.092 0.2 350 333'
7 45.0 0.106 03 3.50 332.8, 49.3 0.122 0.3 3.50 332.3, 54.0 0.138 0.3 3.50 331.8

" 59.3 0158 O. 350 331.4
n 653 0.178 0.' 3.50 331.1

" 71.5 0.202 0.5 350 3307

" 78.5 0.228 0.5 3.50 330.5.. 863 0.25ll 0.6 3.50 3302

" 945 0.288 0.7 3.50 3300 Begin Yield of Steel

" 101.S 0.309 0.7 3.50 329.7

" 107.0 0.326 0' 3.50 329.3

" 111.3 0.339 0.' 3.50 328.9

" 115.0 0.350 08 350 328.4
20 118.3 0360 0' 3.50 327.9

" 121.5 0.370 0' 350 327.6
22 124.3 0378 0' 350 327.2
23 125.8 0.383 0.' 350 326.7
24 126.8 0.386 09 3.50 326.3
25 128.8 0,392 0.' 3.50 3261
26 129.5 0.394 10 3.50 325.9
27 131.8 0401 10 350 325.7

28 133.5 0407 " 350 325.6
29 1353 0,412 10 350 3254

• 1361 04U 10 ~.50 3254 Ideal Yield of Steel

30 1375 0.493 U 3.50 325.4

• 1376 0500 1.2 3.50 325.4 Tran\'etse Steel Failure

" 140,3 0624 1.5 3.50 325.4
32 141.8 0.759 L8 3.50 325.4

33 U3.5 0.895 2.2 3.32 320.1
3. 1440 1.048 2.5 2.89 307.8

35 146.0 1.197 2.9 2.48 296.0
36 146.5 1.363 3.3 2.02 2827

37 147,8 1.532 37 1.S5 269.2
36 148.3 1712 " 1.18 258.7
39 148.0 1.920 46 1.10 256.6

" 149.0 2.116 5' 1.03 254.7 Maximum Concrete Strain
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C.2 Lap Splice Enhancement Circular Columns

HI



-
S.., H (kips) 6 (in) •• , V (kips) Comments, ••• 0.Ofj9 0.' 3.50 123.4

2 ,., 0.066 0' 3.50 122.6
3 5.8 0.081 0.' 3.50 121.9

• 6.3 0.096 0.' 3.50 121.3, 7.0 0.118 0.' 350 120.8
6 7.8 0.140 0.' 3.50 120.3
7 8.' 0.163 0.' 3.50 119.9
8 '.3 0.192 02 3.50 1I9.6
0 10.2 0.222 0.2 3.50 119.2

W ILl 0.259 0.2 3.50 119.0
U 12.2 0.296 0.3 3.50 118.7

" 13.3 0.340 0.3 3.50 118.5

" 14.6 0.392 0.3 3.50 118.3

" 16.0 0.451 0.' 3.50 118.1

" 17.5 0.510 0.5 350 118.0

" 19.3 0.584. 0.5 3.50 117.8

" 2\.2 0.658 06 350 117.7

" 23.3 0.746 0.7 3.50 117.6

" 25.3 0.842 0.7 350 117.5 Be~n Yield of St.eel

'" 26.9 0.895 08 350 lJ7.4

" 28.3 0,939 0.8 3.50 117.2

" 29.3 0.975 0.' 350 117.0
23 30.' 1.011 O. 350 116,9

" 31.1 1.034 0.' 3.50 116.7

" 31.9 1,{)61 O. 350 1IG.S
26 32,4 1.078 '.0 3.50 116.4

" 328 1.089 " 350 116.3
28 33.' , HJO '.0 350 116,2
29 33.4 Ull '0 350 1161
30 33.6 I 117 '.0 3.50 116.1

" 33.7 1.119 '0 350 1160
32 33.8 1 125 " 350 115,9
33 338 1.125 '0 350 1159

• 33.8 1.125 '0 350 1159 Ideal Yield of St.eel

" 33.8 1.307 '2 350 115.9
J5 33,5 1.521 " 350 115.8
36 33,6 l.728

"
3.50 115.9

" 33,3 1.970 '8 3.50 115,9

• 33' 2.115 '9 3.50 115.9 Tran"",.,.., St.eel Fllillln!

Table C.6: Ductility and Shear Strength Calculations for As-built Lap Splice En·
hancement Circular Column CF-l



.
S.." H(kips) 6 (in) "'

, V (kips) Cowmw.

• '.3 0.059 O' 3.50 120.0
2 '.8 0.086 0.1 350 119.2
3 55 0.081 0.1 3.50 118.5

• 6.2 0.096 0.1 350 117.8
5 6.8 0.118 0.1 3.50 117.3
6 '5 0.133 0.1 3.50 116.8
7 83 0.163 01 350 116.3
8 9.0 0.185 0.2 3.50 116.0
9 99 0.214 02 350 115.6

10 10.8 0.251 0.2 3.50 115.4
n 11.8 0.288 0.3 350 115.1

" 13.0 0332 03 350 114.9
13 14.3 0.38< 0.3 3.50 114.7

" 15.6 0.443 O' 3.50 114.5
15 17.2 0-502 " 350 114.3
16 18.8 0.569 0.5 3.50 114.2
n 307 0650 06 350 114.1
18 22.7 0.731 0.' 3.50 114.0
10 24.8 0.828 0.7 3.50 113.9 ~n Y~ld of Steel
30 26.4 0880 0.8 3.50 113.7

" 27.8 0928 08 350 1136
22 28.9 0'" 0.9 3.50 113.4
22 JOO '000 09 350 1133

" JO.8 1.025 09 3.50 1131
22 31.S .050 09 350 113.0
26 32.1 1.069 .0 3.50 112.8
22 32.3 I.on 10 350 1127
28 32.7 1.089 10 3.50 112.6

" 33.0 "00 '.0 350 112.5
JO 223 1.108 .0 350 112.4
n 33.3 I III '.0 350 1l2~

22 336 1.119 '.0 350 112.3
33 33.6 \.119 " 350 112.3

• 336 1.119 '0 350 112.3 Ideal Yield of Steel

" 335 1.292 ., 350 112.2
35 33.3 1.502 .3 350 112.2
36 332 1.716 '.5 3.50 112.2
37 332 1937 1.7 350 112.2
36 33.2 2.1n .9 3.50 112.3

· 332 2.160 ., 350 112.3 Tn.",-,nse Swel Failu~

Table C.7: Ductility and She81 Strength Calculations for A&-built Lap Splice En
hancement Circular Column CF 2
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Table C.S: Ductility and Shear Strength Calculatiollll for Lap Splice Enhancement
Circular Column CF-3

S"" H (!ri",,) ~ (in) ,. k V (!rips) Comm~u

7 8.5 0.170 0.7 3.00 176.5
2 '.3 0.192 0.2 350 176.2
3 10.2 0.229 0.2 3.50 175.9

• 11.2 0.259 0.2 3.50 175.6
5 12.2 0303 03 3.50 175.4

• 13.3 0.347 0.3 3.50 175.1
7 1406 0.399 0.3 3.50 174..9

• 16.0 0.4.58 0.' 3.50 174..8 •, 17.6 0.517 O. 350 17406
70 19.3 0.591 0.5 3.50 174..5
U 21.1 0.672 0.' 3.50 174..4
72 232 0.754 0.' 3.50 174.3
73 25.2 0.857 0.7 3.50 174.2 Be,;iD. Yield of Steel

" 25.6 0.871 0.7 3.50 174.2

" 27.1 om 0.' 3.50 174.0

" 28.3 0.965 0.' 3.50 173.9
17 393 0999 0' 350 173.7.. 303 '030 0.' 3.50 173.5
19 30.' 1.053 0.' 3.50 173.4.

" 31.7 1.078 0' 350 173.2
2L 32.3 1.098 0.' 3.50 173.1
22 32.6 I lIO '0 350 173.0
23 33.7 1 127 '0 3.50 172.9

" 33.3 7735 '0 3.50 172.8

" 33. 1.I52 '0 3.50 172.7
26 34.0 1.158 '0 3.50 172.6

" 33.9 1.155 '0 3.50 172.5

" 340 U58 '0 350 172.4

" 34.3 l.t69 '0 3.50 172.4

• 343 1 167 '0 350 172.3 Ideal Yield of Steel
30 34.3 1.238 77 3.50 172.3
3L 34. 1.525 13 350 172.3
32 35.2 1.826 1.' 3.50 172.3

• 35.3 1.896 16 3.50 172.3 Trauverse Steel Failure
33 35.7 2.152 ,. 3.50 172.3
34 36.2 2.510 2.2 3.33 167.7
35 36.8 2.874 2.5 2.97 1~.3

36 37.4 3.W7 28 2" 148.0

" 37.8 3.733 3.2 2.12 135.8
38 383 4154 3.' 1.71 124.9
39 38.7 '.660 '.0 1.21 111.7

" 38.' 5.210 .5 1.13 109.6 Maximum Concrete Strain

L74



Table C.9: Ductility and Sbear Streugth Calculations for Lap Splice Enhancement
Circular Column CF-4

S"" H (kips) a (in) •• , (kips) Commeots, .., 0.177 0' 350 115.4,
" 0.199 0.' 3.50 175.0

3 lOA, 0.236 0.' 3.50 114..7

• 11.3 0.273 0.' 3.50 174.5, 12.4 0.318 0.3 3.50 114.2, 13.6 0.362 0.3 3.50 174.0, 14.9 0.414 0.3 3.50 113.8
8 16.3 0.413 0.- 3.50 113.1, 11.9 0.539 0' 350 113.5

;0 19.7 0.613 0.' 350 173.4

" 21.6 0.695 0.' 3.50 113.3

" 23.' 0.783 0' 350 113.2

" "., 0.887 0' 3.50 173.1 Begin Yield of St",1

" 'M 0.901 0.8 3.50 173.1

" 21.4 0.950 0.8 3.50 172.9

"
,.., 0988 08 3.50 172.7

" ,1>.8 \.025 0' 350 172.6

" 30.' LOM 0.' 350 172.4

" 31.1 1077 0' 350 172.3

'" 31.9 1.l06 0.' 3.50 -172.1

" 32.- 1 123 0' 350 172.0

" 32.8 1.135 LO 3.50 111.9
23 33' l.l47 LO 3>0 171.8

" 33.3 I 155 LO 350 17\.7

" 33.' 1.164 ;0 350 171.6

" 33.' 1.175 LO 3.50 171.5
O' 33' I 175 LO 350 171.4.'
28 ".3 1.187 LO 350 17\.4
29 34.3 "50 LO 350 171.3

• 393 1.190 '0 350 111.3 Ideal Yield of Steel
30 34.3 L389 " 3.50 171.3

" '" 1.657 L' 350 171.2

• 35.2 1.958 L' 350 171.2 Tranverse Steel Failure
32 3>.3 1.007 " 350 171.2
33 3>.8 '.300 L' 350 111.2

" 38.' ' ''' 2.2 3.22 164.0
3> 388 3038 " '" 154.6
38 37.4 3.440 2.9 247 144.5

" 37.9 3.877 3.3 '.05 133.4
38 383 4.351 3.7 L60 121.5
39 38.' '.868 U 1.19 110.8

'" 38.8 5.432 " 1.12 109.0 Maximum Concrete Strain
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o Lap Splice Enhancement



-
S.., H (kipl!l) 6. (in) ,. , V (kips) Comment.!, 12.4 0.32$ 0.3 3.SO 261.1, 13.6 0.369 0.3 3.SO "'9

3 14.8 0.421 0.3 3.SO "'.8

• 16.3 0-<88 0.' 3.SO "'.6, 17.8 0.547 0.' 3.SO "'.,
6 19.6 0.621 0.' 3.SO "'3, 21.4 0'" 0.6 3.SO "'.,
8 23.' 0.791 0.' 3.SO ""9 25.3 0.901 0' 3.SO "'.0 Begin. Yield of S;eel

W 26.0 0.92$ 0' 3.SO 260.0
n 27.4 0.976 0.' 3.SO 259.8

" '" 1.014 08 3SO 2$9.7

" 29.' LOSO 0.9 3.SO 259.5

" 30.3 1079 09 3SO 259.3

" 31.0 1.103 0.9 3.SO 259.2

" 31.9 \.136 09 3.SO 259.0

" 32.3 1.148 0.9 3.SO 258.9

" '" 1.162 09 3SO 258.8

" 32.9 1.17l LO 3SO 258.7
20 33' 1.192 LO 3SO 258.6

" 33.' 1.195 '.0 3.SO 258.5
n 339 120; ,0 3SO 258.4
23 "'0 1.:210 La 3.SO 258.3

" "'., l.216 LO 3SO 258.2

"" 1 ~?- LO 3SO 258.2 Ideal Yield of SUlI!I- --,
25 "" l.2~ LO 3SO 258.1
26 "'.8 l.536 L3 3SO 258.1,- 35' L856

" '.SO 258.1-'
• 359 2172 L8 3.50 2581 Tran\"m'lIe Steel Faillln!

" "0 2.212 '.8 '.SO 258.1

" "., 2.5;5 2.1 3.39 255.2
30 3;.5 3,012 ' . 2.98 245.0•.0

" 38.2 3495 28 H2 233,6

" 39.0 3.990 " 2.06 222.0
3J 39.6 4,531 3;- l.55 2094

" "U 5176 ., 1.1;- 199.i
35 40.i '''' ., L09 19i.;

" 41.5 6.493 '3 1.01 195.i

" 41.9 7.280 '9 0.91 193.3
38 42,3 8.148 " 060 190.7

• 426 ,." -, 0;2 188.7 Maximum Cooc~e Strain, -

Ta.ble C.Il: Ductility and Sbear Strengtb Calc:ula.tioILS for Lap Splice Enhancement
Circular Column CF 6
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-
S"" H (kips) a (iD) "

, V (kips) CommeDts

1 1204 0.325 03 350 261.6
2 13.6 0,369 0.3 3.50 261.4
3 14.9 0.421 0.3 350 W1.3, 16.3 0.488 0.' 3.50 WI. 1, 17.9 0.'" 0.' 3.50 "".,
6 19.6 0.628 0' 350 ""., 21.5 0.709 06 3.50 "'"8 23,6 0.798 0.' 3.50 "".6, 25.4 0,901 0.' 3.50 ""., Begin Yield of Steel

W 27.1 0.961 0.8 3-"' "".3
H 28,3 Lllll5 0.8 3.50 "".2
12 29,3 LOOI 08 350 "".0

" 303 1.073 0.' 3.50 259.9

" 30' L1196 09 350 259.7

" 31.7 1.123 0.' 3.50 259.5
16 32.1 1.138 0.9 350 259,4

" 32.5 1.153 09 350 259.3
l6 33.0 1.170 LO 3.50 259.2
19 33.3 1.182 LO 3.50 259,1
20 33.8 1.197 LO 3.50 259,0

" 33.8 1 197 LO 3.50 258,9

" ".2 1.212 LO 350 2588
23 34.4 1.221 LO 3.50 258,7

" "., 1.224 LO 350 2586
• "., 1.224 LO 350 2586 Ideal Yield of Steel

" 34.7 U71 L2 350 258.6
26 35.3 L7$5 " 350 258.6
27 35.9 2,132 1,7 3.50 258.5
• 36.0 2,156 1.8 3.50 258.5 "Iran'"."., Steel Failure

28 '" 2518 2.1 3.43 2569
29 37.5 2.919 24 3116 247.4
30 38.2 3.395 2.8 2,61 236.2
31 38.8 3.922 3.2 2.12 223.7
02 39.5 4456 3.6 1.62 211,2
33 <02 5.{145 '1 1.18 2003

" <0.8 5,690 '.6 1.10 198.3

" ·U.3 6.399 -, 102 196.1,-
" 420 7,108 '8 0.93 194.0

" 42.3 7.958 6.6 0.83 191,4

• 42.6 8.871 '.2 0.71 188,6 Maximum Concrete Strain

Table C.12: Ductility and Shear Strength Calculations for Lap Splice Enhancement
Circular Column CF 7
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Table C.13: Duct.ilit}, IIIld Shear Strength Cll1culations for Lap Splice Enhancement
Circular Column CF-8

s•." H (kipll) .0. (in) "'
, V'(kips) c.-o_, 13.4 0.347 0.3 3.", 299.', 14.7 0.399 03 3"' 2990

3 16.1 0.'" 0.' 3.", 298.9

• 17.6 0.517 0.' 3.", 298.7, 19.3 0.591 0.' 3."' 298'
6 21.2 0.665 0.6 3.", 298.5
7 233 0.7S4 06 3", 298.
8 ".3 0.,", 0.7 3.", 298.3 Begin Yield of Steel
9 27.0 0.009 0.8 3.", 298.'

" 283 0"" 08 3.", 298.0

" 28.' 0.980 0.8 3.", 297.8

" .. 3 1.021 09 3", 297.7

" 31.1 1.046 0.' 3.", 297.5

" 31.9 1.074 0.' ,."' 297.3

" 32.3 LOOS 0' '"' 297.2

" 32.9 1.108 0.' ,."' 297.0

" 33.' 1.119 0.' '"' 2869

" 337 1.133 LO ,."' 286.8

" 34.' 1.150 LO '"' 2867
20 34' 1.150 LO ,."' 286.6

" 34,7 1.167 LO '"' 286'
22 346 " .. LO ,."' 286.
23 34' 1.169 LO '"' 286 •
• '" 1 18J LO 3... 286.' Ideal Yield of St....l

" 35' 1.195 LO '"' 296,J

" 35.7 '.S30 L' 3"' 2963

" '" 1889 " 3", 286.2

• '" 1970 " 3.50 296,2 Tran,"l::rSe Steel Failure

" 3i.4 2316 20 3", 2862

" 38.3 ? --- 23 3.12 2857~. ,~(

28 39.0 3.2~5 2,7 2,65 2j27
30 397 3.785 32 2 12 258,2

" 40.6 ~335
,.

'" 2~36•
32 414 H36 4.2 1.17 232.3
33 42.1 5,594 n L09 230.0

'" 42.7 6317 " LOO 227.5
35 43.2 7, III 60 000 22~.7

" 43.6 7986 6' 079 221.7
37 43.8 8.946 7.6 0.67 218.3
• 44.3 9.673 '2 0.'" 216.5 Maximum Concrete Strain

'"



-
S.." H (kips) a (in) ,. , V (kips) Comn>l'nu, 13.4 0.347 0.3 3." "'.3

2 14.7 0.399 0.3 3." "'-,
3 16.1 0.458 0.' 3." "'0, 17,6 o.lm 0.' 3." 298.8, 19.3 0.5!H 0' 3" 298.7
6 21.2 0.665 0.6 3." 298.6
7 23.3 0.7:>4 0.6 3." 298.5
8 23.3 0.'" 0.7 3." 29'-' Begin Yield of Steel
9 27.1 0.911 0.8 3." "'_2

" 28.4 0.956 0.8 3." "'-,
U '" 0.990 0.8 3." 297.9

" 303 1.021 0.9 3." 297.8

" 31.1 1.G-l6 0.9 3." 297.6

" 32.0 1.071 0.9 3." 297.4

" 32.4 \.091 09 3" 297.3

" 33.0 LUI 0.9 3." 297.1

" 33.3 1.122 09 3" 297.0

" 33.8 1.136 '0 3." 296.9
19 '" 1.150 '0 3" 2968
20 34.3 1.153 '0 3" 296.7

" 34.7 1.167 '0 3." 296.6

" ".7 1.167 '0 3" 296'
23 348 ,'" 10 3" 296.'
• '" 1.183 '0 3" 296' idea.! Yi~ld of Steel

" "., 1 195 '0 3" 296'
23 35.7 L530 '3 3.50 296'

" 36.8 1.889 '6 3" '196.3

• 36.9 \.967 1.7 3SO 296.3 Tr,."verse Steel Failure

27 3H 2316 20 3SO 2963

" 383 2758 '3 3,12 2&5.8

" 39,1 J,2H .- 2,64 272.7-,
30 39,8 J788 32 212 258.2

" 40.7 4,338 3,7 1.58 243.6
32 41.4 4.936 42 1.17 232.3
33 41.8 5661 '.8 ,OS Z29.8

" 42.3 6.391 " 0.99 227,2
3S 43.2 7.Ul 60 000 224.7
36 43,6 7,986 68 0.79 221.7
37 43.9 8.949 76 0.67 218.3
38 44,4 9895 8.' 0.60 2166

- '" ,,<8 8.2 0.60 216.6 Maximum Con<:rete Strain

Table C.l4: Ductility and Shear Strength Calculations for Lap Splice Enhancement
Oirculal CoIUIIlIl OF 9
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C.3 Lap Splice Enhancement Rectangular Columns
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Table C.15: Ductility and Shear Strength Calculations for As-built Lap Splice En~

hancement Rectangular Column RF-I

s~, H (kips) a (in) ,. k V'(kip!l) Comments, 15.6 0.185 0' 3.50 132.8
2 17.3 0.222 0' 3.50 132.3
3 19.0 0.259 0.2 3.50 131.9

• 21.0 02% 02 3.50 131.6

• 23.3 0.347 0.2 3.50 131.3
6 25.S 0.399 02 350 131.0
7 28.' 0.458 0.3 3.50 13O.S
8 31.4 0.517 0.3 3.50 130.6
9 34.8 0.591 0.' 3.50 130.5

" 38.' 0.672 0.' 3.50 130.3
n 42.5 0.761 O. 3.50 130.2

" 46.9 0.$57 0.' 350 130.1

" 51.8 0008 06 350 130.0

" 57.0 '086 0.6 350 130.0

" 59.7 1.263 08 350 129.7 ~n Yield of Steel

" 62.0 1.313 08 350 129.5
L7 ".0 1.355 0.8 3.50 119.2

" 65.3 '383 08 3.50 128.9
L9 668 1.415 08 350 128.,
20 67.7 U33 0.9 3.50 128.5

" 69A U,O 09 3.50 128.3

" 71.5 1.51~ 09 350 128.1
23 732 l.5~9 09 3.50 128.0
2~ ;::'.2 1.592 " 350 127.9

" 77.2 1.634 " 3.50 127.8
26 78.2 1655 " 350 127.7

• 790 16n " 350 127.7 Idell-! Yield of Steel,- 79.2 1 714 >0 350 127.7-,
28 80.2 1.939 12 3.50 127.8

" 81.0 2180 " 350 127.8
30 81.6 2441 1.5 3.50 127.8

" 82.3 2.690 '6 350 127.9
32 82.6 2957 " 350 128.0
33 82.8 3.245 '9 350 1280

" 830 3.518 2.1 3.38 123.9
• 830 3610 22 3.32 I 121.6 Tranverse Steel Failure

'"



Table C.16: Ductilil;)' aDd Shear Strength Cakulations fot Lap Splice Enbam:ement
Rectangular Column RF·2

s•." H (kipll) .0. (iD) , V (kipl!l) Comm.".,., 4M 0.857 0' '" 630.9
2 51.3 0.961 0.' ,." 630.8, 56.6 '086 0.' ,." 630.2

• 59.4 1.263 0.2 ,." 630.' Fun Yield ,.,,1, 61.1 '''' 0.2 ,." 630.', ,,.. 1.341 0.7 ,." 630.0
• 63.2 '3M 0.2 ,." 629.9 Ul>N'nfirwl Lap Splioe Failure, ,3.0 '''' 0.8 ,.00 629.7

• .... UI2 0.' ,.00 829.'
9 .,. 1,442 o. ,.00 829 2

" 69.' U74 o. ,.00 829.0
n 7l.$ 1S211 o. ,.00 .2U

" "9 1.572 0.9 '" 628.'

" 76.0 1616 0.9 '.00 628.'.. "., 1 '"
0.9 '" 628-,

" ." 1 714 0.9 '" 62&1

" 824 1753 '0 '" 62&1
H ." 1 ,88 " '" 628,0

" '" 1831 '0 '" 6280

· .... 18-12 1.0 J..'iQ 628,0 Ideal Y..W of Steoel

" 87.8 2159 1.2 J,.'iQ 6279
20 89.9 2,632 " '5(J 627.9

" 91.3 3218 " '" 6278

• 926 '8S6 2,1 3,39 623.9 Tra",,,,,,,," Steel Fll1lure
n 939 4428 " 303 611.0
23 ." "" 2." 2 95 6080

" '" 5,319 2.9 248 5910

" 968 6166 JJ '" ,,720
26 97.8 ; 115 39 '" '".
" 96' &.iiS " '" 5--126 ~tudutal SWoei Failure
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Table C.17: Ductility and Shear Strength Cal.culatiollS for Lap Splice Enhancement
Recta.ngula.r Column RF-3

S"" H (kips) 0. (in) ." • V'{kips) Comments

1 47.9 0909 0.' 3.'" 619.1, 52.8 L020 0.6 3.'" 619.0
3 57.4 1.160 0' 3.'" 618.9 First Yield of Steel

• 588 l.lS9 0' 3'" 618.8, 61.3 1.237 0.7 3.00 618.5

• 62.3 1.259 0.7 3.'" 618.3 Unconfined Lap Splice Faillln!
6 633 1-278 07 3'" 618.2
7 ".9 1-312 0.8 3'" 617.9
8 58.' 1.344 0.8 3.'" 617.7
9 67.7 1.367 08 3'" 617.4

" 69.7 1.408 0.8 3.'" 617.2
n 71-8 1.451 08 3'" 617.0

" 74.3
1""

09 3.00 616.8

" 76.5 1.546 0.9 3.'" 616.6

" 78.6 1.588 0.9 3'" 616.5

" SO, 1.626 LO 3'" 616.4

" 82.3 1.662 LO 3.'" 616.4

" 83.9 1695 LO 3.50 6163
• 84.7 1 712 LO 3'" 6163 Idpll-1 Yield of Steel

" 8,.. L900 U 3SO 616.3

" 87.2 2.318 U 3.50 616.2
2<l S9.1 2788 L6 3.50 616.2
71 90. 3.369 2.0 3'" 616.1

• 91.S 3.81 .. 2.2 3.U 6074 TrlUlvenle Steel Failu,."
22 92.3 3.96\ 2.3 3.14 6O-l.2

· 93.2 4.536 2,7 2.75 59\.4 Lap Split<: Failure

" 94.6 5H9 3.2 214 571.0

" 95.8 6285 3.7 158 552.5
26 "8 7'222 42 117 538.9
," 97.8 8.277 .8 1.07 535.8 i.ouKitudinal Steel Failure-,
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Table C.lS: Ductility and Shear Strength C&lculatioIl5 for Lap Splice Enh&llcement
Rectangular Column RF-5

S'", H (Id!",) .c. (in)

"' k V'(Id!"') Co",wellts, 3,.. 0.613 0.' 3." 457.2, 39.1 0.687 O. 3" 457.0
3 43.2 0.783 0.5 3." ""• 47.6 0.879 0.5 3." "'.
5 52.5 0.990 O. 3" 456.7

• 57.3 1.116 07 3" "'.• First Yield of Steel
7 60.0 1.168 0.7 3." 456.4, 62.2 1.210 0.7 3." "'.<

• 63.7 1.239 0.7 3." "'., Unconfined L&p Splice Failure, .<.3 1.250 0.7 3." 4<>5.9
W 637 1.278 0' 3." "'.
U 67.2 1.307 0.' 3." 4<>5.3

" 665 t.333 0' 3." ""<3 707 1.375 0.' 3." 454.9

" 72.7 1.414 0.' 3." 454.7

" 74.8 1.455 0.' 3." 454.5

" 77.1 <500 0.' 3" 454.4

" "7 1550 0.' 3." 454.2

" 81.2 1580 0' 3" 454.1

" 63.3 1.620 <.0 3." 454.1
20 "" 1.649 '0 3" 454.1

• 86' 1.675 <0 3.:>0 454.0 Ideal Yield of Steel
2< 86' !.i78 U 3" 454.0

" 86.' 2.208 <.3 3." 454.0
23 89.8 2.743 <, 3" 453.9

" 91.6 3287 20 3." 453.9

• 92.2 3.766 2.2 3.21 443.6 Tr"","<mle Steel Failure

25 92.5 3.967 24 3.OS 438.6

" 93.9 4,6-5" 28 260 421.5
21 950 5425 32 20S 402.5
28 95.' 6.2&S 3' lA9 381.2
28 97.2 7.121 '.3 1.16 3695
30 97.6 8.183 .., 1.07 366.0 1.on¥;itudinal Steel Failurfl
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Table C.19: Ductility and Shear Strength CalcuiatioD5 for Lap Splioe Enhancement
R.ect.a.ngular Column RF·6

S"" H (lrips) t:. (in) "'
, V (kips) Comments, 43.0 0.776 0.' '.50 :>62.1, 47.5 0.879 0.' '.50 :>62.0, 52.3 0.900 0.6 '.50 561.9

• 57.3 1.116 0.7 '.50 561.8 First Yil!ld of Steel
S 50.0 1.168 0.7 '.50 561.6
6 62.2 1.210 07 '.50 561.3

• 63.9 1.243 07 '.50 561.1 Unconfined Lap Splice Failure
7 64.' 1.252 0.7 '.50 561.1
8 64.' 1.247 0.7 '.50 561.1
9 67.3 1.310 0.8 '.50 500.'

W 68.7 1.336 08 '50 .."
" 70.6 1.374 0.8 '.50 500.'

" 73.0 1.421 0.8 '50 559.9

" 75.2 \.463 0.9 '.50 559.7.. 77.5 0.508 0.' '.50 SS9.6

" 79.7 \.550 0.9 '50 SS9.4

" 8\.4 1.584 O. '.50 SS9.3

" 832 1.618 0.0 '50 559.2

" 85.' 1,659 '.0 '.50 559.2

• 86.7 1.688 '.0 '.50 ,,59.2 Ideal Yield of Steel

" 87,2 1.776 U '.50 ,,59.2
20 88.7 2.267 0., '50 559.1

" "" 2.814 \.7 '50 559,1
22 '" 3375 2.0 '.50 559,0

• ".7 ~, 71& 2.' 3.27 MO.6 TrlLD_ Steel Failure

" 93.3 4,078 2.' 3.02 541.7

" 94.6 4.796 28 2.53 524.1
2S 96.0 5.584 " 2.00 504.7

" 97.1 6.473 '8 1.39 482.8
o· 97.9 7473 U 1.14 473.6 Longitudmal Steel Failure.,
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C.4 Shear Enhancement Rectangular Columns
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Table C.20: Ductility and Shear Streugth Calculations for As-built Shear Enhl\llce
ment Rectangnlar Column RS-l

S.., H (kips) ~ (in) •• • V'(kips) Comments

I 38.0 0.056 02 3SO 143,3
2 41.8 0065 03 3SO 142.2
3 46,3 0.076 0.3 3.SO 141.3

• 51.0 0.088 0.3 3.SO 140.5
S 56.3 0.103 0.' 3.SO 139.8
6 62.0 0.117 0.' 3.SO 139.3
7 68.' 0.134 0.' 3.SO 138,7
8 75.5 0.153 06 3SO 138.3
9 83.3 0.173 0.7 3.SO 137.9

W 91,3 0.198 08 3SO 137.5 Begin Yield of Steel
n 95.8 0.207 08 3SO 138.8
12 99,5 0.215 0.8 3.SO 136.1

" 103.0 0223 09 3SO 135,4

" lOS,S 0.229 0.9 3.SO 134,7
IS 1080 0.234 09 3SO 134,0

" lIO,3 0.239 0.9 3.50 133,4
17 lI2,3 0.243 '0 3.SO 132,9

" 1135 0.2~6 '0 3SO 1323

" 114,3 0247 '0 3.50 131.7

" 115,3 0.250 '0 3SO 1314

" 115,8 0.251 '0 3.50 131.2
22 1155 0.250 '0 3.50 1310
23 116.5 0.252 '0 3,50 130,9

" 116.5 0.252 '0 350 130.7

" 117.5 O,25~ '.0 3,50 130.7
• 118.0 0256 >C 350 130.7 Ideal Yield of Steel

" 119.5 0335 1.3 3,5U 130.7

" 121.0 04~9 L8 3.50 130.7
28 122.5 0559 2.2 328 125.3 Shear Failure
29 123,8 0,676 2,L 2,76 112.1
30 125.0 0786 31 226 996
3> 126.0 0,903 3.5 1.74 86.5
3Z 126.8 1009 " 126 74.6

• 127,1 1078 " 1.17 72.4 TrlUl~ Steel Failure
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Table C_2l: Ductility and Shear Strength Calculations for Shear Enhancement Rect
angular Column RS-2

5'", H (kips) II (in) ,. , V (kips) Comment!!, "8 0.127 O. 3.50 594.0, 72.3 0.1(5 0.' 3.50 593.6
3 79.8 0.164 0.6 3.50 593.2

• 880 0.186 06 350 592.9

• 93. 0.216 0' 350 592.3 BeRin Yield of Steel
8 963 0.223 0.' 350 591.8
9 100.0 0.231 0.8 3.50 591.1

" 103.0 0.238 08 350 590.4
U 106.0 0.2(5 0.8 3.50 """ 108.3 0.250 08 350 "'.0

" 110.3 0.255 0.9 3.50 088.
U 112.3 0.260 0.9 3.50 ~7.8

" 1135 0.263 0.9 3.50 587.2
<6 114,5 0.265 0.9 3.50 088.'
n 116,0 0,268 0.9 3.50 088'
<6 1163 0269 09 350 088.'
<6 117,3 0,271 0.9 3.50 088.8

'" 117.5 0272 0.9 350 585.5

" 119,0 0275 0.9 3.50 0883
22 122,0 0282 0.9 3.50 585.1

" 1255 0.290 LO 350 088.'
24 127,8 0.296 LO 3.50 5&1.9

• 128.8 0.298 LO 3.50 "'9 Ideal Yield of Steel

" 130.8 0.·H4 L4 350 584.8

" 134.0 0.589 2.0 350 "'.8

" 136.3 0.799 2.~ 2,71 564.3

• 138.0 0.943 ;12 2,16 ~9.8 Trll.Ilw-rse St"",l Fa.ilure

28 138.8 1.005 34 1.92 5J3.5
29 141.0 1.229 " 1.18 524.2
3Q 143.0 1472 4.9 L06 521.0

" 144.5 U36 " 0.93 517,6
32 146.5 1.986 6,7 0.80 514,3
33 147.3 2295 7~ 0" 510,3

• 148,3 2,586 8.7 062 8098
35 1495 '''" 0.; 060 809.3
36 1508 3251 10.9 060 509.3
• 151.2 3.577 12.0 060 509' Jacl:et Failure
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Table 0.22: Ductility and Sbear Strength O&1CUlatiOllS for Shear Euhancement Rect
angular Column Rs.-3

5,,<> H (kips) 6 (in) ,. k V (kips) Comments

I 60S 0.112 0.' 3.60 596.0, 66.8 0.127 O. 3.60 595.5
3 73.5 0.145 0.' 360 595.1, 81.3 0.164 0.' 3.60 594.7, 89.5 0.186 0.6 3.60 594,4

6 94.5 0.218 07 3.60 593.7 Begin Yield of Steel

8 96.' 0.223 07 360 593.4
9 100.5 0.232 0.8 3.60 [,92.7

'" 103.8 0,239 0.8 360 [,92.1
11 106.8 0.246 0.8 3.60 591.4
Il 108.5 0.250 08 360 [,9(1.6

13 110,8 0.2M 0.8 3.60 590.0
Il 113.0 0.261 0.9 360 589.5

" 114.3 0.264 09 360 588.9
16 115.3 0.266 0.9 3.60 388.3
Il 116.[, 0.269 09 360 [,87.9

16 117.0 0.270 0.9 3.60 [,87.6

19 118.0 0.272 0.9 3.60 587.3
20 118.8 0274 09 360 [,87.0

21 120.5 0,278 0.9 330 5868
22 123,5 0.285 09 3.30 586.7
23 126,3 0.291 1.0 3.30 586.5

" 129.[, 0299 1 0 360 586.4

• 131.6 0"" 1.0 3.30 586.4 Ideal Yield of Steel

23 132.3 0.344 LI 3.60 [,86.4

26 135.0 0.[,45 1.8 3.50 586.3
21 138.0 0,739 2.4 300 572,[,

• 139.9 0,899 30 2.40 [,5[,.8 TraIl"""'" Steel Fa.ilure

" 140.[, 0,949 31 2.21 [,M),6

29 141.8 1.206 '" 1.24 5237
30 144.5 1.423 n 1.10 520,0

31 146.0 1.692 5,6 0.96 516.3
23 147.8 1.941 " 0'" 513.0
33 148.5 2257 7.4 0.69 508.7

• 149.7 2.548 " 0.65 5076
23 151,0 2.872 " 060 506.5
23 151.5 3.215 10,6 0.60 506.5

• 151.6 3.428 11.3 060 506.6 Jacket Failure
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Table C.23: Ductility and Sbear Strengtb Calculatiow; for Sbear Enhancement Rect
angular Column RS-4

Su, H (kips) 6 (in) "' k V (kips) Comments

1 660 0.129 O' 350 581.2
2 m 0.145 0.' 3.50 580.8
3 "'.3 0.166 0.' 3.50 580.'

• 88.3 0.188 0.8 3.50 580.1, 93.' 0.220 0.7 3.50 a19.4 Begin Yield of Steel
8 OS, O.22a 0.7 3.50 579.1
9 99.' 0.234 0.8 3.50 578.4

10 102-8 0.242 08 3.50 577.6
11 106.0 0.249 0.8 3.50 a77.0
12 108.0 0,2~ 0.8 3.50 576.3
13 110.3 0.259 09 350 575.7

" 112.0 0.264 0.9 3.50 a75.1
IS 113.5 0.267 09 3.50 574.4
lO 114.8 0.270 0.9 3.50 [,73.9
17 115.0 0.271 0.9 3.50 573.5
lO 116.5 0.274 0.9 350 573.3

" 111.3 0.216 09 3.50 573.1
20 117.3 0.276 0.9 3.50 512.8
21 118.5 0.279 0.9 3.50 an.5

" 121.5 0.286 09 350 512.4

" 124.3 0.292 LO 3.50 512.2

" 127.3 0.299 LO 350 512.2
• 128.2 0.302 LO 350 a72.1 Ideal Yield of Steel

" 130.0 0.413 " 3.50 an.I
26 132.5 0.601 20 350 ano
27 135.5 0.188 26 '50 a54,2

• 137.6 0.953 32 2.17 538.3 Tran,..,rse Steel Failure

28 138.0 0.980 33 203 aJ.l9

" 140.3 1200 '.0 L20 a13,8
30 142.3 1443 " L08 510.8
31 143.8 1.699 '.6 096 5075

" 1448 1.977 66 0.82 "" 0
• 146.4 2.240 7.4 0.71 501.5

" 148.3 2.533 8. 0.60 498.7

" 149.3 2.842 9' 060 498.8

" 150.0 3.178 10.5 060 498.8

• 150.2 3.510 11.6 060 4989 J""ket Failure
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Table C.24: Ductility IUId Shear Strength Calcula.tioDli for Shear Enhancement Rect
angular Column RS-5

S.., H (.ki.I"') .0. (in) ." k V (.ki.pII) Commo..
1 68.3 0.131 0.' 3.00 59M
2 75.3 0.149 OS 300 595.0
3 83.0 0.170 0.6 3.00 594.6

• 91.3 0.192 0.6 3.00 594.3
7 94.8 0.218 0.7 3.00 593.7 Begin Yidd of Steel
8 98.3 0.229 0.7 3.00 593.0
9 102.3 0.235 08 300 592.3

" 106.0 , 0.244 0.8 3.00 591.7
11 lOS.0 0.249 0.8 3.00 590.9

" 109.8 0.253 0.8 300 590.2

" 112.3 0.258 0.8 3.00 689.7
14 113.8 0.2ti2 09 3.00 689.1
IS 114.5 0.264 0.' 3.00 588.5
16 116.0 0,267 0.9 3.00 588.0
17 116.5 0,268 0.9 3.00 587.6

" 117.5 0,271 0.9 3.00 587.4
19 118.3 0272 0.9 300 587.1
20 119.3 0,275 0.9 3.00 5888

" 122.5 0,282 0.9 3.00 586.7

" 125.3 0288 0.9 300 586.5
23 128.8 0.296 10 3.00 586.4
74 132.0 0.30' 10 3.00 586.4

• 132,4 0.305 1.0 3.00 586.3 Ideal Yield of Steel

" 134.8 0.469 1.5 3.00 586.3

" 137.3 0683 22 322 578.6

" 140.3 0.892 2.9 2.44 556.8

• 140.3 0.903 30 2.39 555.7 Tran'",""" Steel Failure
28 141.8 1.146 3.8 l.48 530.3

" 144.0 1.395 46 1.11 520.3
30 145,8 1.665 5.5 0.98 516.6
31 148.3 1.917 63 086 513.2
32 149.3 2.233 7.3 0.70 "".0
33 1510 2.528 8.3 0.60 5082

" 152.0 2.644 93 060 508.3
J; 152.0 3.247 10.7 0.60 506.3

• 152.0 3.248 10.7 0.60 506.3 Jacket F&ilure
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T...ble C.25: Ductility and Shear Strength Calculations for Shear EnhlWCement Rect
angular CoIUDlD RS-6

S"" H (kip"l 6. (in) P. , V (kip") Co~u, '" 0.142 0.' 3.'" 691.5
2 800 0.162 0.' 3.'" 691.1
3 .8.3 0.185 0.' 3.'" 690.7

• 93.8 0.213 0' 3.'" 690.1 Begin Yield of Sleel, 983 0.223 0.' 3'" 689.'

• 101.5 0.230 0.' 3.'" 688.', IlU.8 0.237 08 3.'" 688.'

" 107.5 0.244 0.' 3.'" 687.4
n 109.5 0.248 08 3.'" 688.'

" 112.0 0.254 0.' 3.'" 6882

" 113.0 0.256 0' 3'" 685.'

" 114.8 0.260 0' 3.'" 6850

" lla.5 0.262 0.9 3.'" '.u
" 116.5 0.264 0' 3.'" "'0
n 117.8 0.267 0.' 3.'" 683.8
18 118.3 0.268 0.' 3.'" 683'
19 119.0 0.270 0.' 3'" 683.2
20 122.0 027i 0.' 3.'" 683.1
21 125.3 0.2~ 0' 3'" 682.9

" 127.8 0.290 '0 3.'" 682.7
23 131.0 0.297 '0 3.'" 682.7
• 132.1 0.299 '0 3'" 682,7 Ideal Yield of Steel

" 13-1.0 OA22 " 3'" 682,6

" 136.5 0633 2.1 3.37 6790
26 139.8 0839 2,8 2.98 657,0

• 1400 0888 30 2.39 651.9 Tran""rse Steel Failurt!,- 141.3 '!>88 3.6 1.62 630,6-'
" 1435 1.332 .. 1.13 617.1

" 14a,3 1596 5.3 100 613.5
30 148.0 1.S46 6.2 0.88 610.1
31 149.0 2.1[,5 -, on "'8'-
32 150.8 2445 8.2 0.00 602.6
33 15\.3 2.811 ,. 000 602.'
• 152.0 3.1.J{1 10.5 000 6026 Jacket Failurt!
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Table C.26: Ductility and Shear Strength CalculatiollS for Shear Enhancement Rect.
angular Column RS-7

Sup H {kips) a (iD) P'
, V (kips) Comments

1 72.5 0.142 0.' 3.50 691.7
2 ,0.0 0.162 0' 3.50 691.3
3 88.3 0.1&5 0.' 3.50 690.9

• 93.8 0.213 0.2 350 690.3 Begin Yield of Steel
2 98.3 0.223 02 350 "'2, 101.5 0.230 0.8 350 688.8
9 104.8 0.237 0.8 3.50 688.2

" 107.5 0.244 08 3.50 687.6
H 109.5 0.248 08 350 688.9

" 112.0 0.254 0.8 3.50 688.3

" 113.0 0.256 09 350 8882

" 114.8 0.260 0.9 350 888.1
15 115.5 OW2 09 350 88<.'
16 116.5 02« 09 350 88<.2 -
17 117.8 0,W7 0.9 3.50 88<.0
18 118.3 0268 09 350 883.2
19 119.0 onl) 09 350 683.4
20 122.0 0,277 0.9 3.50 683.2

" 125.3 OZ&l 09 350 683.1
22 127.8 0,290 10 3.50 682.9
23 131.0 0297 10 350 682.8

" 134.0 0,419 " 350 682.8

• 132,6 O.JOI 10 3.50 682.8 Idea.! Yield of Steel
25 136,5 0629 21 3.39 6798
26 139.8 U.835 28 260 657,9

• 140.0 086' 29 '" 654,4 TrlUlwrse Steel Failure

" 141.3 1086 J6 1M 631.5
28 143.5 1.328 U 1.14 6173
29 145.3 1.592 03 l.01 613.6

• 147.J 1.780 09 0,9l 611.1 Jacket Failure
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Appendix D

LAP SPLICE STRENGTH
CALCULATIONS

D.I Lap Splice Enhancement Circular Columns
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Table D.I: Lap Spli~ Strength Calculations for As-built Column CF-l

S"" <- f.(hi) h(pn) Comments
1 ooסס00 068 3.42,

0""" 1.28 6.39
3 0.""" '00 10.00
4 O.OCKllO '84 14.19, 0.00013 3.81 19.03
6 0.00017 4.88 24.37
; 0.00022 6.29 31.39
8 0.00027 7.87 39.27, 0.00034 9.87 49.25

10 0.00041 1\.80 68"
H 0.0<1000 14.46 72.13

" 0.00059 17.14 85.51
H 0.00070 20.26 101.07
14 0,(0)82 23.90 119.25

" 0"""" 27.72 138.32
16 000111 32.llfi 159.%
>7 0,00128 37.20 185.61
18 0,00146 42.37 211.38
lO 0,{Xll67 43.41 216.58 Begin Yield of Steel
20 000196 43.41 216.58

" 0,00230 43.41 216,58

" 0002i3 43.41 21658
23 OJX)317 43.41 216,58

" 0.003i7 4341 216.58
23 0.001.42 43,41 216,58

" 0.00518 43.41 216.58

" 0.00010 43.41 2Hi.58
28 0.00706 43.41 216.58
28 0.00805 43.42 21(;.(;2
30 000919 H64 217 73

" 0.01053 43.90 219.03

" 0.01192 44.17 220.37
33 001348 444, 221.&5

• 0,01363 44.50 222.02 l<1e&1 Yield of Steel
33 0.Dl509 44,78 223,44

" 0.016&5 45 13 225.17

" 0.01847 45,44 226.70

" 0.02040 45.81 228.57

• 0.02144 46.01 229.57 Trall~ Steel Failure
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Table D.2: Lap Splice Strength Calculations for As-built Column CF-2

Su, " f.(hi) ft{p.ti) eo-,", 0.00002 0.03 2.03
2 00000< 1.10 5.49
3 0.00006 '79 8."

• 000008 260 12.99
8 0.00012 3." 17.67
8 0.00016 U9 22.91, O.OOCI21 5" "88
8 0.00026 '.60 37.41
9 0.0003J 9.47 47.26

LO 0.00039 11.32 56.48
U 0.000<8 13.99 69.80
L2 0.0lXl57 16.44 82..,
L3 0.00068 19.60 97.77

" 0.00060 23.11 lH•.32

" 0.00092 26.80 133.72

" 0.00108 3\.26 155.98
H 0.00125 36.27 180.96

" 0.00142 41.30 2001>1

" 0.00163 43.41 216.58 Begin Yield of Sleel
20 0.00191 43.41 216.58
21 0.00222 43,41 216.58
22 0.00262 43,41 216.58
23 0.00305 43,41 216.58

" 0.00363 43,41 216.58

" 0.00425 43,41 216,58
28 0.00497 43.41 216.58

" 0.0058,; H41 216.58
28 00067:> 43.41 216.58

" 0,00771 43,41 216.58
J(I 0.00880 43.56 217.3:>
31 0.01007 43.81 218.58
32 0.01l40 4407 219.86
33 0.01287 44,35 221.29

• 0,01302 HJS 221.43 kleaJ Yield of Steel

" 001441 44,6:> 222,78
33 0,01608 44.98 224.39
38 0.01780 45.31 226.06
31 0.01947 4:>.63 227.67
38 0.02129 4:>.99 Z29.43

• 0.02116 4:>96 Z29.31 Tran,'e1'S<! Steel Failuu
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Table D.3: Lap Splice Strength Calcu1&tio05 for Column CF-3

s.." '. f.(k.ri) fl(p.ri) Comm.,", 0.00022 6.S1 32.47, 0.00028 8.12 <0.50
3 0.00035 10.1S 50."
4 0.00042 12.32 61.~, O.{X)()SI 14.68 "."
6 0.00061 17.S8 87.69
7 0.00071 20.66 103.07
8 000064 24.32 121.34, 0.000!l7 28.12 140.31

W 0.00112 32.42 161.76
U 0.00129 37.S2 187.17

" 0.00147 42.62 212.6S

" 0.00169 43.41 216.S8 Begin Yield of Steel
U 0.00176 43.41 216.S8

" 0.00206 43.41 216.S8

" 0.00239 43.41 216.S8

" 0.00282 43.41 216.S8

" 0.00334 43.41 216.S8

" 0.00394 43.41 216.S8
20 0.00462 43.41 216.S8

" 0,(l()S44 43.41 216.58

" 0.00634 43.41 216.58
23 0.00730 43.41 216.58

" 0.00S43 43.49 217.00

" 0.00967 43,73 :U8.19

" 0.01118 44,OJ 219.66

'" 0.0\293 44,37 221.3<1" ,
28 0-01480 44.73 223.1S
29 0,01676 4S,1I 22S,OS

• 0.0184\ 45.43 226,64 Idea.l Yield of Steel
30 0.0190\ 45,54. 227.23

" 0.02127 4598 :mAI
32 0.02352 4642 231.58

• 0.02405 46,52 232,10 Tran~_ Steel Failure
33 0.02599 46.90 23397
34 0.02872 47.43 238,62
30 0.03143 47.95 239.23
36 0.03429 48.50 242.00
37 0.03791 492\ 24.5.50
36 0,Q.W89 49.78 248.38
39 0.044.61 5050 251.97
40 0,04884 51.32 256.06 Maximum Con~ S\rain
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Table 0.4: Lap Splice Strength Calculations for Column CF4

s~, <. /.(bi) /l(pm} Com_u
I O-lXXl24 6.00 3....', 000029 8.51 42.45
3 0.00036 10.58 52.80, O.0Cl044 12.81 6393, 0.00053 15.~ 76.06
6 0.<XX163 18.21 00.86, 0.00074 21.60 107.75
8 0.00087 25.34 126.43
9 0.00101 29.17 145.53

" 0.00116 33." 167.33
II 0.00134 38.89 194.02

" 0.00152 43.41 216.58

" 0.00174 43.41 216.58 ~ Yield of Steel

" 0.00184 43.41 216.58

" 0.00214 43.41 216.58

" 0.002f>4 43.41 216.58

" 0.00295 43.41 216.58

" 0.003.10 43.41 216.58
19 0.00412 43.41 216.58
20 0.00480 43.41 216.58

" 0.00565 43.41 216.58

" 0.()()656 43.41 216.58
23 0.00759 43.41 216.58

" 0.0087-1 ·<3.55 217.29

" 0.01010 43.82 218.61

" 0.QI157 4UO "".03

" O.OIJ.ll 4-1.46 22\.81
28 0.01517 H80 223.52
29 0.01716 45.19 2'25.4-1

• 0.01801 45.35 2'26.26 ldeai Yield of Steel
30 00194. 4563 2'2,,67

" 0.02179 46.08 2'29.92

• 002-102 46.52 232.07 Tranverse St"") Faillll'l!
32 002-109 4653 232.14
33 002661 -li02 23-1.58

" 0,02943 47,56 237.30

" 0.03213 -18.09 23991

" 0.""'" -18.66 242.ii

" 0.03828 -19.28 245,86
38 0.0-H79 49.96 249.25

" 0.04577 SO.73 253.10

" 0.04996 51.f>4 2S7.15 Maximum Concreu, Strain
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Table D 5· Lap Splice Strength Calculations for Column CF-5

'w, <, f.(b') /l(p$i) Comm~t8, 0.00051 14.79 nn
2 0.00061 11.73 88."
3 0.00072 20.84 103.97

• 00008< 24.32 121.34, 0.00097 28.12 140.31
6 0,00112 32.42 161.76
7 0,00129 37.S2 187.17
B 0.00149 43.10 215.02
9 0.00169 43,41 216.58 Begin Yield of Steel

W 0.00196 43.41 216.58
U 0.00232 43.41 216.58

" 0.00273 43.41 216.58

" 0.00319 43.41 216.58

" 0.00378 43.41 216.58

" 000441 43.41 216.58

" 0,1)1')25 43.41 216.58

" 0.00611 43.41 216,58

" 0.00713 43,41 216.58

" 0.00822 4345 216.80
20 0.00951 43.70 218.D3

" 0.01113 44.02 219.60
22 0.01291 44.36 221.31
23 0.01478 44.72 223.13

" 001693 45.14 225.21
20 001922 45.58 227,43 Ideal Yield of Steel
26 0,02li9 4608 229,91

" 0.02437 4fi,58 23241

• 0.02559 46.82 233.58 TUllven;e Steel Failure
28 002i29 4•. 15 235.23
29 0,03058 47.79 238.41
30 0.03428 48,~1 241.99

" 0.03790 49,20 24548
32 0.G424' 5009 249,90

33 0.G4698 5096 254.26

" 005195 51.93 259m

" 0,05.42 52,99 264.37

" 0.06258 53,99 269,35
37 0.06918 55.17 275,74
3B 0.07546 56.48 281.80
, 0.08197 57.75 288.10 :>.laxirnum Concrete Strain
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Table D 6- Lap Splice Strength Calculations for ColUIWI CF-6

s.." " J.{hi) /l(p8i) Comments, 0.00002 0.68 3.42, 0.00004 1.28 6.39
3 000002 '00 10.00, 0.00010 ,." 14.19, 0.00013 3.81 19.03
6 0.00017 ,as 24.37
7 0.00022 6.29 31.39, 0.00027 7'7 39.27
9 0.00004 9.87 49.25

" 0.00041 11.80 68"

" 0."""" 14.46 72.13

" 0.00059 17.14 85.51

" 0.00070 W.26 101.07

" 0000" 23.90 119.25

" 0.00096 27.72 138.32

" 0.00111 32.06 159.95
H 0.00128 37.20 185.61

" 0.(10146 42.37 211.38

'" 0.00167 43.4.1 216.58 Begln Yield of Steel

'" 0.00196 43.41 2Hi.58

" 0.00230 43.41 216.58

" 0.00273 43.41 216.58
23 0,0001. 43.41 216.58

" 0.00077 43.4.1 216.58
25 0.00442 43.41 216.58
26 0,00518 43.41 216,58
Z7 000610 4341 21658
26 0.00706 43.41 21G.58
29 0.00805 43.42 216.62
30 O.OO!H9 4364 217.•3

" 0-01053 43.90 219.03
32 0.01192 44.1. 2W.37
32 0.01348 4447 221.88

• 0.01363 44.50 222-02 Idu,l Yield of Steel

" 0.01509 44 78 223.44

" 0.01688 4513 225.1i
30 0.01847 4544 22670
37 002040 45.81 228.•H

• 0-02144 46.01 22957 Tra:n,~ Steel Failure
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. .
5", <, f.(bi) fIIpft) Comments, 0.""'" 1".66 78.1", 0.0006< 18.47 92.15

3 0.0007" 21.81 IOB.84

• 0.00088 23.46 127.04, 0.00102 29.69 148.12
6 0_00117 ".00 169.62
7 0.00135 39.18 195.W
8 0.00134 43.41 216.58

8 0.00176 43.41 216.58 Begin Yield of Steel

" 0.1X1214 43.41 216.58
n 0.<=0 43.41 216.58

" 0.00'l94 43.41 216.58
n 0.00346 43.41 216.58

" 0.00412 43.41 216.58

" 0.00482 43.41 216.58

" 0.""" 43.41 216.58

" 0.006$ 43.41 216.58

" 0.00759 43.41 216.58

" 0.00876 43.56 217.32
20 0.01014 43.82 218.65

" 0.QI183 44.15 220.28

" 0.0135" 44.49 221.94

" 0.01552 44.87 223.85

" O.Ol7iS 45,30 226.03

• 0.01814 45,37 226.38 1~&1 Yield of Suel
25 0.02016 45,77 22834

" 0.02254 46,23 230.64

" 0.02523 46.75 233.24

• 0.02541 4678 233.41 Tran\"ef"Se Suel Failure
2S 0.02825 4~.33 236.16

20 0.03125 47.92 239.06
30 0,03501 48.65 242.70

" 0.03919 49.45 246.74
32 0.04334 50.26 250.74
33 0.04791 51.15 255.17

" 0.05297 52,12 280.06
3S 0.05857 5321 265.47
36 0.06387 54.24 270.60

" 0,07061 55.54 2i7.12

• 0.07789 ".86 284.16 Max,mum Concrete Slrain

Table D 7· Lap Splice Strength Calcul&tions for Column CF-7



Table D 8' Lap Splice Strength Cakulations for Column CF-S

s.., <, 1.(hi) ft(p.ri) Comm.>.

I 0.00060 17.SO ".29
2 o.ooon 20." 102.98
3 000084 24.31 12l.27

• 000096 27.90 139.20, 0.001l2 J2.S1 162.17
6 0.00129 37.33 186.23, 0.00147 42.54 212.22
8 0.00169 43.41 216.58 Begin Yield of Steel
8 0.00'103 43.41 216.58

10 0.002J8 4341 216.58
n O.{XJ27S 43.41 216.58
12 0.00330 43.41 216.58

" 0.00391 43.41 216.58

" 0.00457 43.41 216.58

" 0.00544 43.41 216.58

" 0.00633 43.41 216.58

" 0.00739 43.41 216.58

" 0.0085[, 43.[,2 217.11
19 000988 43.77 218.40
20 0.01158 44.10 220.1»
21 0.01327 44.43 :221.68
22 0.01[,39 44.84 223.73
23 0.01768 4[,.29 22[,,94

• 0.01993 4[,,71 2Z8 II Ide"l Yield of Slee]

" 0.02003 45.74 228.21
25 0.02275 46.27 230.84

" 0.02aa1 46,80 233.51

• 0,02615 4693 234 13 Tran"~ S'eel Failure
21 0.02893 4747 236.81

" 0.03240 48.14 24011
29 0.03633 48.90 24397
30 0.04076 4976 248.25
31 0.04507 5059 252,42
32 0.04983 5\.52 257.02
33 0.05507 52.53 262.09

" 0.060&5 53.65 267.68
35 0.06730 ".00 273.91

" 007+11 5628 291HO

" 0,08223 [,780 288.35

• 0.08793 "00 293.8l'i ~laxirnum Concrete Strain
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Table D.9: Lap Splice Strength Calculations for Column CF·9

S.." <. !.(.l;,ri) !l(p.ri) Commenl'l, 0.00060 17.~ 87.29
2 0.00071 20.64 102.98, 000064 24..31 121.27
4 0.00097 28.15 14.0.45
S 0.00112 32.51 162.17, 0.00129 37.33 186.23
7 0.0014.7 4.2.54. 212.22
8 0.00169 4.3.4.1 216.58 Begj.n Yield of Steel
9 000203 4.3.4.1 216_58

" 0.00236 4.3.4.1 216.58
U 0.00278 4.3.4.1 216.58

" 0.00330 4.3.4.1 216.58

" 0.00391 43.4.1 216.58
U 0.004.57 4.3.4.1 216.58

" 000644 43.41 216.58

" 0.00633 4.3.4.1 216.58
U 0.00739 4.3.41 216.58

" 0.00855 4.3.52 217.11

" 0.00988 4.3.77 218.4.0
20 0.01158 4.-4.10 220.04.

" 0.01327 4'" 221.68
22 0.01539 44,84- 223.73
23 0.01768 45,29 225,94

• 0.01993 45,72 228.11 Idea! Yield of Steel

" 0.02003 45.74. 228.21

" 0.02275 46.27 230.84-
26 0.02551 46.80 233.51

• 0.02613 46.92 234.11 TranveTSe Steel Failure
27 002893 47.47 236.81
28 0,03240 48.14 240.17
29 0.03633 48.90 243.97
JO 004076 49,76 248.25

" 0.04507 50.59 252.42
22 0.04983 51.52 257.02
33 0.05587 52,69 262.87

" 0.06173 53.82 wg,53
3S 0.06730 5HO 273.9\
J6 0,074.41 56.28 280.79
37 0,08223 57.80 288.35
J6 0.08965 59.23 295.53
• 0.08764 58.84 293.58 Maximum Concrete Strain
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D.2 Lap Splice Enhancement Rectangular Columns
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Table 0.10: Lap Splice Strength Calculations for As-built CoIUID.D RF-l

s"", <. !.(hi) !,(PM) 00=_, 0.00029 8.36 41.43, 000036 10.40 51.59
3 0...... 12.89 63.94

• 0.00054 15.67 77.71
5 0.00064 18.S6 92.01
6 0.00076 2208 109.41, 0.01>089 2,';.81 127,99
8 0.00104 30.19 149.70
9 0.00120 34.67 171.92

" 0.00138 <0.08 198.65

" 0.001,';9 46.03 228.24

" 0.00179 51,90 257.34

" 0.""" 59,37 "'''" 0.00231 8<36 319.13

" 0.00275 64.36 319.13 Begin Yield of Steel

" 0.00329 64.36 319.13

" 0.00394 64.36 319.13

" 0.00480 64.36 319.13

" OOOS71 6-t.36 319.13
20 000696 64.36 319.13

" 0,00527 64.44 319.51

" 000962 64.83 321.44
23 0.DI1:J.l 65.32 32390

" 001319 65.&5 326.53

" 0.01519 6643 329.35
28 0017Q.1 6696 332.Dl
• oUl~52 67,:18 334,12 ld~al Yield of SUleI

" O,0l&'4 674S 334.58
28 0.02053 6796 33699

" 0.02246 68,';1 33973
30 002445 69.09 342.57

" 0,02627 6961 345.16
32 002831 70.20 348.0;
33 0.03045 70.SI 3f>! 12

" 0.03244 7138 35396
• 0.03309 7\.57 354.87 Tran"e,.,." Steel Failllr"
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Table D !l' Lap Splice Strength CakulatioZl5 for Column RF-2

"" <, /.(hi) JilPsi) Comm".
1 0.00178 51.,,7 255.73
2 0.00'03 58.81 291.60
3 0.00229 64." 319.13

• 0.00Z74 64." 319.13 First YJeld of St...,l, 0.00307 64." 319.13, 0.00311 64." 319.13

• 0.00394 64." 319.13 Unconfined Lap Splice failme
7 0.00449 64" 319.13
8 0.00a.l7 64." 319.13
9 0.~9 64" 319.13

10 0."""" 64.37 319.20
11 0.009S7 64.81 321.38
12 0.01129 l>S.31 323.82
13 0.01356 ".96 327.06
H 0.01613 6669 330.71

l' 0.01892 67.50 334,69

I' 0.02162 68.27 338.,,3
17 0.02~72 69.16 342.95
18 0.02768 ro.02 347.18

• 00"..891 703;- 348.92 Ide..l Yield of 51...,1
19 0.0316i 71.16 352.86

'" 0""" i231 35M5
21 ON068 73i5 36Sro
• 004635 i".38 37377 Tr..m~ St...,l Failure

22 OOSl38 7682 380 9 Lap Splice Failure
23 OOS2,,9 ii.li 38266

" 0.05922 i908 39210
23 0.06646 81.16 402.42
26 0.07490 83.,,8 414.45
22 0.(l8.i4" &" 428.OS Lon~ltudina.l 5teel failure
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Table D.12; Lap Splice Strength CalculatioIl5 for Colulllll RF-3

5.., " f.{bi} h(Ptri} eomm.••, 0.00187 $4.11 268.30
2 0.00211 61.18 303.39
3 0.00243 .." 319.13 First Yield of Steel

• 0.00269 .." 319.13, O.OOO2fi ..." 319.13

• 0.00361 ..." 319.13 Uncon6ned Lap Splice FailuN:
6 0.00394 .." 319.13, 0.00477 .." 319.13
8 0.00576 .." 319.13
9 0.00'104 ..." 319.13

" 0""" 64,49 319.78
U 0.01009 ".96 322.11

" 0.01188 65.48 324.67

" 0.01430 66,17 328.10

" 0.01669 66." 331.:>2

" 0.01897 67,:>1 33476

" 0.02163 68,28 338.56

" 0.01467 691 :> 34289

• 0.02649 69,67 345,48 Ideal Yield of Steel

" 0.02808 7013 347.75

" 0.03155 7U3 352.68
20 0.03546 72.25 358.26

" O.Q.l038 73.66 365.27

• O.OHI9 7H6 370.70 TranvefS<' Steel Failure
22 0.Q.lM4 75.12 372.47

• 0.()5().I9 76.57 379.67 Lap Splice Failure

" 0.05850 78,87 39108

" 006563 80.92 401.23
26 0.Q7386 8328 412.96

" 0,08317 8596 426.22 Lon~iludiual Steel Failu,,"
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Table D.13: Lap Spli~ Strength Calculations for Column RF·5

5"" <. I.(bi) h{Jni) Co=nt!l

I 0.00123 35.71 In.~

2 0.00141 40.76 202.10
3 0.00161 <6.70 231.58

• 000184 53.22 263.87, 0.00209 00." 300.28, 000'Ll8 64.36 319.13 First Yield of Steel, 0.00284 64.36 319.13
8 0.00342 64.36 319.13

• O.OO3n 64.36 319.13 Uooonfi.ned Lap Splice Failure, 0.00411 64.36 319.13
10 000600 6436 319.13
II 0._ 64.36 319.13
12 0.00733 6-l..36 319.13
13 0.00873 64..57 320.17

I' 001041 66.00 322.57

I' 0.01249 65.65 325.53

I' 0.01483 66.32 328.87
n Omnl 67.04 332.44
18 002008 67.83 336.34
19 0,02255 68.54 339.87
20 0.02575 69.46 344.42

• 0.02809 70.13 3-17.75 Ideal Yield of St...l

'1 0.02895 70.38 348.98
22 0.00243 71.38 353.94
23 0.03712 71.73 360.62

" 0.050-l9 76.57 379.67

• 0.04587 75.24 373.08 Tran,...,.,... Steel Failure

" 0.04765 75.75 375.62

" 0.05365 7748 3SU7
27 0.06039 79.41 39377

" 0.06013 81.61 404.66

" 0.07526 83.69 4\4.97., 0.0&474 86.4\ 428.46 1.on.Ir;itudinal Steel Failure
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Table D 14' Lap Splice Strength Calculations fOf Column RF-6

s,." '. !.(hi) h(P~i) Co~", 0.00161 ".70 231.58
2 0.00184 53.22 263.87
3 0.00209 6056 300.28

• 0.00235 64.36 319.13 Fint Yield of Steel, 0.00281 64.36 319.13
6 0.00342 6436 319.13

• 0.00393 6436 319.13 UnCOllfined Lap Splice Failure, OlXWlll 64.36 319.13
8 0,003S4 64..36 319.13
9 0.00601 64.36 319.13

" 0.00729 64." 319.13
H 0.00880 64.59 320.28

" 001037 65.04 322.51

" 0,01245 61'>.64 325.47
H 0.014.74 6630 328.73

" 001756 67.11 332.75

" 0.02030 67.89 336.66

" 0.02320 6873 340,78

" 0.02fi07 69,55 344..88

• 0.0'1851 70.25 34.8.36 Ideal Yield of Steel

" 0.0'1923 70.4.6 349.38
20 0.03338 71.65 355.30

" 0.03832 73.07 362.34.

" 0.04292 7439 368.89

• 0.04594. 75.26 373.19 TUDvel'Se Steel Failure
23 0,05049 76.57 379.67

" 0,0554.3 ii.99 386.71

" 0,062SO 60.01 396.78
70 0.07013 82.21 407.65

" 0.07906 8-1.78 4.20,37 LonRitudinai Steel Failufe
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Appendix E

COMPARISON OF
LOAD-DISPLACEMENT
ENVELOPES
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Figure G.14: Hysteresis for Lap Splice Enhancement Circular Column CF-9
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Figure G.20: Hysteresi for As-built bear Enhancement Rectangular Column RS-l
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Figure G.21. Hy tereslS for Shear Enhancement Rectangular Column RS-2
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Figure G.22: Hysteresis for Shear Enhancement Rectangular Column RS-3
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Figure G.24: HysteresIS for Shear Enhancement Rectangular Column RS-5
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